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Abstract 
 
Organizing centers commonly regulate development of an embryo. One such center that 
regulates development of the neural tube is the isthmic organizer, which is located at the 
boundary between the midbrain and rhombomere 1 of the hindbrain. Although a lot is known 
on the molecular properties of the isthmic organizer, very little is known about the 
mechanisms responsible for the maintenance and coherence of this signaling center.  
 
Fgfr1 null mutants die early during gastrulation. To analyze the role of the Fgfr1 in the 
midbrain-hindbrain and midbrain we generated Fgfr1 midbrain-hindbrain and midbrain 
specific mutants. Tissue specific inactivation of the conditional Fgfr1 allele in the midbrain-
hindbrain or midbrain resulted in deletion of the dorsal midbrain structures and the vermis of 
the cerebellum. Analysis of the both types of mutants suggests that after establishment of the 
isthmic organizer, FGFR1 is needed for the maintenance of the isthmic organizer dependent 
genes and it has a direct functions on both sides of the organizer. In addition, FGFR1 
regulates cell adhesion molecule expression at the midbrain-hindbrain boundary.  We suggest 
that differential cell adhesion properties of the cells around the midbrain-hindbrain boundary, 
is necessary for the maintenance of a coherent organizing center. We also present evidence 
for existence of zones of FGFR1 dependent boundary cells around the midbrain-hindbrain 
border. Our results suggest that these cells that proliferate slowly, are necessary for 
development of the isthmic constriction, and can further prevent cell mixing across the 
midbrain-hindbrain boundary.     
 
Branchial arches of vertebrate embryos are transient structures, which start to develop after 
the mid- and hindbrain acquire their positional identity. Development of the branchial arches 
depends on the interaction and integration of different cell populations containing: surface 
ectoderm, foregut endoderm, paraxial mesoderm and neural crest cells.  
 
Using mouse embryos homozygous for the hypomorphic allele of Fgfr1, we showed that 
FGFR1 is required for the entry of the neural crest cells into the second branchial arch. To 
answer the question whether Fgfr1 regulates the entry of the neural crest cells into the second 
branchial arch cell autonomously, we rescued the hypomorphic Fgfr1 allele and inactivated a 
conditional Fgfr1 allele, specifically in the neural crest cells.  Analysis of these mice indicate 
that FGFR1 is needed for development of an environment permissive for neural crest 
migration rather than in the migrating neural crest cells themselves.  
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 1. Review of the literature 
 
1.1 Brain development 
 
1.1.1 Neural induction and the primary organizer 
 
Neural induction is the initial step by which the vertebrate neural plate arises from the 
embryonic ectoderm. Study of the signals involved in the vertebrate neural induction 
began with Spemann and Mangold’s experiments in amphibian embryos. In 
amphibians, neural tissue forms on the dorsal side of the embryos (dorsal ectoderm), 
whereas the epidermis forms on the ventral side of the embryo (ventral ectoderm). In 
their experiments Spemann and Mangold transplanted the dorsal lip of the blastopore 
of gastrula stage newt embryos to the region that normally forms the epidermis of 
another gastrula stage embryo (Hamburger, 1988).  The dorsal blastopore lip later 
named as “Spemann’s organizer”, was shown to induce prospective epidermal cells to 
form a secondary nervous system. This finding led to the idea that an organizer region 
is a local source of inductive signals that imposes neural fate on the surrounding 
dorsal ectoderm at gastrula stages.   
 
The Hensen’s node in chick and the node in mouse, which are equivalents of the 
Spemann’s organizer in amphibians, are all involved in the initial patterning 
underlying anterior-posterior axis formation. The Spemann organizer and its 
equivalents in other organisms got the historic privilege of being called the primary 
organizer and its function was labeled as the primary embryonic induction. 
 
More recently, the studies preformed mainly in the Xenopus laevis have led to the 
idea that rather than of being positively induced, the embryonic ectodermal cells have 
a natural “default” tendency to become “neural” in the absence of bone 
morphogenetic protein (BMP) signals (Hemmati-Brivanlou and Melton, 1997). BMP 
signals prevent embryonic ectoderm cells to become neural, instead BMPs instruct 
them to become epidermal. Indeed, several molecules expressed in the organizer, 
including Noggin, Chordin, Follistatin, Xnr3, and Cerberus induce neural tissue by 
 
10 
 
 
 
directly interfering with BPM signaling (Hansen et al., 1997). However, inhibitory 
signals derived from the organizer might not be the entire basis for the neural 
induction. Mice with mutations in the transcription factor HNF3β or in the Arkadia 
protein, which acts upstream of HNF3β, fail to generate the node and node derivatives 
(Ang et al., 1994; Episkopou et al., 2001; Klingensmith et al., 1999). However, these 
mutants develop a neural plate, providing a genetic evidence that the generation of 
neural cells in the mouse does not require a functional node or node derivatives (Ang 
et al., 1994; Episkopou et al., 2001; Klingensmith et al., 1999). These results were 
further supported by in vitro experiments showing that embryonic (ES) cells acquire a 
neural identity by default (Tropepe et al., 2001). 
 
1.1.2 Neural induction and initial patterning by growth factors 
 
In addition to the neuralizing activity by the molecules expressed at the organizer it 
seems that the neural induction requires a caudal gradient of posteriorizing activity 
(Saxen, 2001; Wilson et al., 2001). Candidates for the posteriorizing activity include 
active signals such as fibroblast growth factors (FGFs), WNTs and retinoic acid 
(Alvarez et al., 1998; Hongo et al., 1999; Launay et al., 1996; Storey et al., 1998).  
 
In Xenopus, WNT signaling plays a role in the selection of the neural or epidermal 
fate by regulating the formation of dorso-ventral axis (Baker et al., 1999). However if 
Wnts are over-expressed in the Xenopus during the later blastula stages, the generation 
of the neural tissue is inhibited (Baker et al., 1999). In the chick, Wnt signaling 
prevents the lateral epiblast cells from responding to FGF, instead lateral epiblast 
maintains Bmp expression and acquires epidermal fate (Wilson et al., 2001). Reducing 
WNT signaling in lateral epiblast cells by a truncated soluble fragment of the mouse 
WNT receptor Frizzled8, permits FGF to induce neural fate (Wilson et al., 2001). On 
the other hand, the lack of  exposure of the medial epiblast cells to WNT signaling, 
permits FGF signaling both to repress Bmp expression and to activate an independent 
pathway which leads to the acquisition of the neural fate.  
 
FGF signaling has been implicated in both neurulation and in the induction of 
mesodermal cell types. The activity of FGF pathways in neural induction may precede 
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organizer signaling (Wilson et al., 2000). FGF signaling activates two distinct 
pathways in the epiblast cells: It induces embryonic ectodermal cells to become neural 
by suppressing Bmp expression and by promotion of a neural fate by a pathway 
independent of the repression of Bmp expression (Bertrand et al., 2003; Sheng et al., 
2003; Streit et al., 2000; Wilson et al., 2000). In the chick embryos, FGF might 
regulate Churchill, which encodes a transcription factor. Churchill may play a role in 
the switching between mesoderm- and neural-inducing activities of FGF (Sheng et al., 
2003). In the embryo of ascidian Ciona intestinalis, FGFs regulate the expression of 
Otx (which is the earliest known marker of the ascidian neural tissue) by activating 
the transcription factor GATA (Bertrand et al., 2003). GATA is known to regulate the 
expression of the Otx. 
   
FGFs also play a role in the antero-posterior patterning. In the Xenopus, block of FGF 
signaling in vivo by a dominant negative FGF receptor results in tadpoles that lack 
their posterior mesoderm (Amaya et al., 1991). Indeed, it has been shown that FGFs 
play important role in normal antero-posterior patterning of Xenopus embryos by 
regulating posterior expression of Hox genes (Pownall et al., 1996). Also in the mice, 
FGFs may control the specification of body segments along the anterior-posterior axis 
by acting upon Hox genes (Partanen et al., 1998).  
 
1.1.3 Development of the early mid- and hindbrain 
 
The early development of the most vertebrate brains is similar. Neural ectoderm is 
transformed from the plain structure into the neural tube trough invagination and 
subsequent fusion in its dorsal edges along the length of the trunk. Presumptive brain 
tissue is located in the anterior part of the plain neural ectoderm. Initially it is 
recognized as the formation of the two neural folds in the head region of the 
presomite (head fold) embryo (E7.5-E8.5 in mouse). The neural folds bulge and close 
to form the early brain consisting of three primary vesicles (E9.5 in the mouse). In 
their anterior-posterior order they are called: fore-, mid-, and hindbrain (Fig. 1). The 
cell populations, within these walls, rearrange and are regionalized. The initial 
regionalization of the neural tube is the first step towards generation of the cellular 
diversity in the vertebrate brain.    
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In the following, the main features of the midbrain and rhombomere 1 of the 
hindbrain as well as their development are discussed. 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic representation of the early 
chick brain in lateral view. Brain is regionalized into 
forebrain, midbrain and hindbrain. Hindbrain is 
segmented into rhombomeres (r1-r8). The figure 
represents stage HH16 in the chick that corresponds to 
E9.5 in mouse. 
 
1.1.3.1 Structures derived from midbrain   
 
Midbrain is positioned between the hindbrain and forebrain. At E9.5-E10.5 midbrain 
becomes subdivided along the dorso-ventral axis into tegmentum that arise from the 
basal (ventral) region, and tectum arising from the alar (dorsal) region of the neural 
tube. Tectum consists of four swellings which will form structures involved in visual 
and auditory reflexes. The rostral two swellings form the superior colliculi. The 
caudal two swellings form inferior colliculi. The superior colliculus is a visual reflex 
center that plays a role in helping orient the head and eyes to all types of sensory 
stimuli. Inferior colliculus is an auditory structure that is involved in “spatial analysis” 
of sound. 
 
Many important nuclei are located in the ventral midbrain. These include the 
dopaminergic neurons in the substantia nigra, which relay signals concerned with 
motor function to parts of the forebrain, and the ventral tegmental area, which 
regulates mood and behavioral state of an individual. Other ventral midbrain 
structures include the oculomotor (III) nucleus that supplyes muscles of the eye, and 
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the pedunculopontine nucleus that is involved in the initiation and modulation of gait 
and other stereotyped movements. 
 
1.1.3.2 Structures derived from rhombomere 1 
 
Hindbrain is separated from the midbrain by a constriction called isthmus, which 
starts to appear at E9.25 and is obvious already at E10.5 in mouse. The hindbrain is 
further subdivided into eight segments called rhombomeres. Rhombomeres (1-8) are 
separated by borders and become cell-lineage restricted units (Guthrie and Lumsden, 
1991). The most anterior rhombomere is called rhombomere 1. Rhombomere 1 
becomes subdivided along the dorso-ventral axis into pons arising from the ventral 
region, and cerebellum developing from the dorsal region of the neural tube (Millet et 
al., 1996; Wingate and Hatten, 1999). Cerebellar anlagen, which is initial 
specification of the cerebellum, is bordered by the isthmus anteriorly and by the 
choroid plexus posteriorly. The cerebellum grows in size and changes dramatically 
from the cerebellar anlagen to its adult form. It consists of two cerebellar lobes, which 
form around the vermis structure located in the middle of the cerebellum. The 
cerebellum processes input from other areas of the brain stem, spinal cord and sensory 
receptors to provide precise timing for coordinated smooth movements of the 
muscular posture and balance. In addition cerebellum is also thought to be important 
for cognitive functions, such as motor learning. 
 
Nuclei derived from the rhombomere 1 include the noradrenalinergic neurons in locus 
coeruleus that mediate arousal, the serotoninergic neurons in raphe nuclei that 
constitute the main supply of serotonin to the rest of the brain and regulate mood, the 
pontine nucleus of trigeminal nerve (V) that receives mechanosensitive information of 
the facial region, and the trochlear (IV) motor nucleus that controls the function of the 
superior oblique muscle which rotates the eye towards the nose and also moves the 
eye downward.  
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1.1.3.3 Origin of the medial cerebellum   
 
The origin of cells in the medial cerebellum (vermis) have remained controversial 
until recently. Traditional view is that the vermis arises from the two dorsal plates of 
the anterior hindbrain. From these plates the cerebellum evolves as a bilateral organ, 
which eventually fuses at the dorsal midline to form a uniform primordial. However, 
initial experimental studies using quail-chick chimera system suggested dual 
midbrain-hindbrain origin of the vermis (Alvarez et al., 1993; Hallonet et al., 1990; 
Martinez and Alvarado-Mallart, 1989). In these experiments, portion of the midbrain 
cells, located in the close proximity to the isthmic constriction, where removed from 
the quail embryo and transplanted to the same region of the HH10 chick embryo. 
After maturation of the embryo, quail cells were traced. Cells that originate from the 
caudal midbrain were found to populate the vermis, while cells in posterior and lateral 
cerebellum were derived from the anterior hindbrain.  
 
In contrast to the dual midbrain-hindbrain origin of the vermis suggested by the initial 
experiments in the quail-chick, more recent studies have demonstrated that the vermis 
cells originate entirely from the anterior hindbrain (Millet et al., 1996). Otx2 is a 
homeobox domain transcription factor whose expression becomes progressively 
restricted to the forebrain and midbrain of the mouse embryo (Simeone et al., 1993; 
Simeone et al., 1992). Fate mapping studies in chick, provided evidence that the 
caudal limit of Otx2 expression in the midbrain marks the midbrain-hindbrain 
boundary (Millet et al., 1996). The caudal limit of Otx2 expression at the HH10 stage 
used in quail-chick transplantation experiments, was not in the isthmic constriction, 
but slightly anterior to it (Millet et al., 1996). Slightly later at HH15 of chick 
development, caudal expression of Otx2 coincides with the isthmic constriction. Thus 
the isthmic constrictions of HH10 and HH15 in chick embryos are not equivalent 
structures (Hidalgo-Sanchez et al., 1999). When the quail-chick experiments were 
performed using caudal expression of Otx2 as the midbrain-hindbrain boundary 
marker, the vermis cells were shown to originate completely from the rhombomere 1.  
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WNT1 is a secreeted molecule expressed in the posterior region of the midbrain. In 
support to the theory that the vermis cells originate completely from the hindbrain, 
recent results obtained by genetic cell fate mapping of the Wnt1 expressing cells in the 
mouse embryo, demonstrated that these cells do not contribute to the hindbrain 
structures (Zervas et al., 2004).  
 
1.1.4 Neural patterning by secondary organizers 
 
The world of developmental biology has been influenced by and has changed a lot 
after Spemann’s discovery. Today we know that there are many organizers, which are 
active in development (Nieto, 1999; Ruiz, 1994; Ruiz, 1998). They are all termed 
secondary organizers. Nevertheless, the same basic principle applies: organizers are 
transient structures with the ability to induce adjacent cells to change their fate 
(Gurdon, 1987).  
 
The anterior neural tube is location for several planar signaling centers. These 
include anterior neural ridge (ANR), zona limitans interthalamica (ZLI) and isthmic 
organizer. ANR is located at the junction between the most anterior neural plate and 
the non-neural ectoderm (Houart et al., 1998; Shimamura and Rubenstein, 1997). 
Experiments in mouse suggests that the ANR and Fgf8 expression in this domain are 
important for forebrain development (Meyers et al., 1998; Shimamura and 
Rubenstein, 1997)  (Fig. 2). ZLI forms at the junction between the future ventral and 
dorsal thalamus. The ZLI cells express Sonic hedgehog (Shh) which controls the 
proliferation and fate of adjacent cells (Figdor and Stern, 1993; Puelles and 
Rubenstein, 1993).  Perhaps the most studied of the planar signaling centers is the 
isthmic organizer that is located at a morphological constriction between the mid- and 
hindbrain. It organizes early patterning of the midbrain and hindbrain in all vertebrate 
species that have been studied to date. Experiments performed in the chick suggest 
that Fgf8 expressed at the junction between the midbrain and hindbrain mediates the 
isthmic organizer activity (see chapter 1.1.5.1). 
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Figure 2. Schematic representation of the location of the planar signaling centers within 
the anterior neural tube. Isthmic organizer is located in the constriction between mid- (dark 
green) and hindbrain (red). Signals originating from the isthmic organizer such as Wnt1 (light 
green) and Fgf8 (blue) regulate development of the mid- and hindbrain. Fgf8 (blue) expressed 
in the ANR regulates forebrain development. Shh expressed at the ZLI regulates the 
proliferation and fate of adjacent cells. ANR, anterior neural ridge; IsO, isthmic organizer; 
ZLI, zona limitans intrathalamica. 
 
Figure 3. Schematic representation of the quail-chick transplantation experiment. 
Isthmic graft from the early chick embryo transplanted to the forebrain or hindbrain of the 
chick host embryo induce adjacent tissues to develop mid- and hindbrain structures. Midbrain 
and hindbrain are represented by green and red color respectively.  
 
Figure 4. Schematic representation of FGF8 bead experiments. FGF8 beads (blue) were 
shown to induce development of the ectopic mid- and hindbrain structures in the 
diencephalons or expression of the mid- and hindbrain specific genes in the r2. FGF8 beads 
had no inductive properties when implanted in the anterior forebrain. Midbrain and r1 are 
represented by green and red color respectively. Wnt1 and Fgf8 expressions are represented 
by light green and blue color respectively. 
 
Figure 6. Schematic representation of the spatial relationships between isthmic 
organizer dependent genes at A) E7.5, B) E7.75-E8.5, C) E9.5. A) At E7.5 (initial 
specification phase) signals from anterior mesendoderm or notochord regulate expression of 
Otx2 in anterior neural ectoderm (Ang and Rossant, 1993; Darnell and Schoenwolf, 1997; 
Hemmati-Brivanlou et al., 1990). Gbx2 expression was suggested to be induced by the 
signaling molecules such as: Wnt, Fgf and retinoic acid (Ra) (Gavalas and Krumlauf, 2000; 
Muhr et al., 1999). B) During early embryonic stages (E7.75-E8.5, establishment phase), 
parallel pathways (Pax, En, Fgf and Wnt) are activated around Otx2 and Gbx2 interface in the 
primordia of the early mid- and hindbrain. C) During later embryonic stages (E9.5, 
maintenance phase), expression of the isthmic organizer dependent genes become more 
restricted, and their expression comes to depend on each other. 
 
Figure 7. Repositioning the isthmic organizer. 
A) Expression domains of Otx2, Gbx2, Wnt1 and Fgf8 in wild type embryos at E9.5. The 
isthmic organizer is positioned at the OTX2 and GBX2 interface. B) Expression domains of 
the same genes in the Otx2 chimeric embryos at the 6 somite stage. In these embryos Otx2 is 
expressed in the visceral endoderm but it is specifically absent from the neural ectoderm. 
Expression of the Gbx2 and Fgf8 is shifted anteriorly and expression of Wnt1 is abolished in 
the absence of Otx2. C) In Gbx2 null mutants at 6 somite stage, expression domains of Otx2, 
Fgf8 and Wnt1 are shifted posteriorly. D) In transgenic mouse expressing Otx2 under En1 
promoter, expression domains of Gbx2 and Fgf8 are repressed and shifted posteriorly, while 
Otx2 and Wnt1 expressions extends posteriorly causing reposition of the isthmic organizer. E) 
In transgenic mouse expressing Gbx2 under Wnt1 promoter expression domains of Otx2, 
Gbx2, Wnt1 and Fgf8 are shifted anteriorly. di, diencephalon; mb, midbrain; MHB, midbrain-
hindbrain boundary; r1-r3, rhombomere 1-3; wt, wild type. 
 
Figure 22. Fgfr1 dependent boundary cells have a specific properties Specific cell 
populations make the midbrain-hindbrain boundary cells with unique properties. Boundary 
cells express distinct genes and have specific cell adhesion properties. They maintain a sharp 
and stable boundary that separates different cell populations. Lower cell proliferation of the 
boundary cells could further stabilize the boundary between different cell populations. White 
cells represent midbrain cells, blue cells represent hindbrain cells. Red bars represent PB-
Cadherin. P++, rapid proliferation, P+, medium proliferation, P, slow proliferation rate.  
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1.1.4.1 The isthmic organizer 
 
The story of the isthmic organizer dates back to mid ‘80s when tissue grafting and 
transplantation studies in quail-chick embryos demonstrated that the tissue containing 
the isthmus can induce both the growth and the ordered anterior-posterior 
specification of the midbrain-hindbrain structures when transplanted to the 
diencephalon or a caudal hindbrain (Nakamura et al., 1986; Marin and Puelles, 1994; 
Martinez and Alvarado-Mallart, 1989) (Fig. 3).  
 
However when isthmic transplants were transplanted outside the regions anterior to 
the ZLI or posterior to the hindbrain, they were not able to induce development of the 
ectopic midbrain and cerebellum. If transplanted to the spinal chord region, isthmus 
tissue itself adopted a more posterior fate (Grapin-Botton et al., 1999).  
 
1.1.4.2 FGF8 mediates the isthmic organizer activity 
 
After the isthmic organizer had been identified, search for the molecules mediating its 
activity started. It was found that Fgf8 expression in the isthmus is conserved in its 
temporal and spatial manner among all vertebrate classes including the mouse 
(Crossley et al., 1996; Crossley and Martin, 1995; Heikinheimo et al., 1994; Hidalgo-
Sanchez et al., 1999; Mahmood et al., 1995; Ohuchi et al., 1994), avian (Crossley et 
al., 1996) and fish (Furthauer et al., 1997; Reifers et al., 1998) (Fig. 2). Another 
secreted molecule, Wnt1, was found to be expressed at the isthmus in the posterior 
midbrain next to Fgf8 expression at the anterior hindbrain (McMahon and Bradley, 
1990; Wilkinson et al., 1987). 
 
Experiments performed in the mid and late ‘90s, demonstrated that FGF8 soaked 
beads were able to induce midbrain-hindbrain structures when grafted to the forebrain 
or hindbrain of mouse and chick embryos, suggesting that FGF8 mediates the isthmic 
organizer activity (Crossley et al., 1996; Martinez et al., 1999; Heikinheimo et al., 
1994) (Fig. 4). Similar to the isthmic transplants, FGF8 beads were not able to induce 
development of the ectopic midbrain and cerebellum when inserted outside the 
regions of the diencephalon and caudal hindbrain.  
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Other FGFs are also expressed at the isthmus. Following the initiation of Fgf8 
expression, Fgf17 and Fgf18 are expressed in the mid- and hindbrain boundary. 
Electroporation and bead experiments have shown that Fgf17 and Fgf18 have a 
different regulative properties in the mid- and hindbrain than Fgf8 (Liu et al., 2003). 
 
1.1.4.3 Expression of the isthmic organizer dependent genes 
 
In addition to the secreted molecules belonging to the FGF and WNT families, a 
number of genes encoding transcription factors: Otx, Gbx, Engrailed (En) and paired 
domain containing factor (Pax) families were found to be expressed within isthmic 
organizer region in a manner conserved in all vertebrates studied (Fig. 5 and Fig. 6).  
 
Neural ectoderm is regionalized already at E7.5 in mouse embryo by expression of 
two transcription factors: Otx2 and Gbx2 (Millet et al., 1996; Niss and Leutz, 1998; 
Shamim and Mason, 1998; Simeone et al., 1992; Wassarman et al., 1997). In a mouse 
at E7.5 they mark the anterior and the posterior epiblast, respectively (Fig. 6).  
 
In addition to the early regionalization of the neuroectoderm, signals from the 
mesoderm are required for the induction of genes such as En1 and Pax2 in the mid- 
and hindbrain region (Ang and Rossant, 1993; Hemmati-Brivanlou et al., 1990). In 
the chick, it has been shown that Fgf4 is transiently expressed in the anterior 
notochord, at the time vertical signaling from the axial mesoderm induce the mid- and 
hindbrain specific genes in the overlaying neuroectoderm (Shamim and Mason, 
1999). However in zebrafish and mouse mutants lacking notochord, the midbrain-
hindbrain boundary is positioned and specified correctly (Ang et al., 1994; Thisse et 
al., 2000).  Thus the role of FGF4 from notochord  in the induction of the isthmic 
organizer genes remains unclear.  
 
At 1-5 somite stage (E7.75-E8.0) before the neural tube closes, Pax2/5 and En1/2 are 
initially expressed in a presumptive midbrain and rhombomere 1. At around same 
time Wnt1 and Fgf8 are expressed in the midbrain and rhombomere 1 respectively. 
During the neural tube closure, expression of the genes characteristic for the isthmic 
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organizer becomes more restricted. By E9.5, Fgf8 and Wnt1 are expressed in adjacent 
narrow rings in the region of the isthmus.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Schematic 
representation of the 
onset of the expression of 
the isthmic organizer 
dependent genes. Onset 
of the expression of the 
genes associated with the 
isthmic organizer is shown 
in three different species: 
mouse, zebrafish and 
chick. Table is modified 
from (Rhinn and Brand, 
2001) and references are 
there in. 
 
1.1.5 Genetic studies of the isthmic organizer 
 
Genetic studies involving knockouts, conditional inactivation and targeted miss 
expressions have helped us to understand the function of the isthmic organizer 
dependent genes (Table 1). These experiments showed that Wnt1, Fgf8, Pax2/5 and 
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En1/2 are required for the proper development of the midbrain and cerebellum, while 
Otx2 and Gbx2 are required for the specification of the anterior neural tube and 
positioning of the isthmic organizer.  
 
1.1.5.1 Positioning of the isthmic organizer at the Otx2-Gbx2 interface 
 
Otx2 and Gbx2 can be used to define two distinct, adjacent cell populations, the 
midbrain and hindbrain, respectively (Broccoli et al., 1999; Hidalgo-Sanchez et al., 
1999; Millet et al., 1996). Both Otx2 and Gbx2 are needed for the initial specification 
of the midbrain and hindbrain tissue, respectively (Fig. 7).  
  
Otx2 is initially required in the visceral endoderm for the induction of the head tissue 
(Simeone and Acampora, 2001; Rhinn et al., 1998). In the mutant mouse in which 
Otx2 is specifically inactivated in the neural ectoderm but persists in the visceral 
endoderm, embryos form the anterior brain at early somite stages, but the forebrain 
and midbrain are not specified normally and failed to form (Acampora et al., 1998; 
Rhinn et al., 1998). Accordingly, in the Gbx2 null mutants, early phenotype is a 
transformation of rhombomeres 1-3 into a midbrain fate as observed by a posterior 
shift of the Otx2, Wnt1 and Fgf8 expression (Millet et al., 1999; Wassarman et al., 
1997).  
   
Once the presumptive neural tissue is specified it becomes competent to respond to 
both the axial signaling from the notochord and planar signaling within the neural 
ectoderm. Genetical experiments have demonstrated the importance of the interface 
between Otx2 and Gbx2 expression at the midbrain-hindbrain boundary for the 
positioning of the isthmic organizer (Acampora et al., 1995; Acampora et al., 1997; 
Millet et al., 1999). When Otx2 is mis-expressed caudal to the midbrain-hindbrain 
boundary using En1 promoter, Gbx2 expression is repressed and Otx2, Wnt1 and Fgf8 
expression shifts and expands posterior (Broccoli et al., 1999). On the other hand 
misexpression of the Gbx2 rostral to the midbrain-hindbrain boundary using Wnt1 
promoter, results in the repression of the Otx2 as well as in the shift and anterior 
expansion of the isthmic organizer dependent genes (Millet et al., 1999). 
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Moreover the isthmic organizer has a property to regenerate after its removal, 
suggesting that it is normally maintained by the cell-cell interactions between Otx2 
and Gbx2 expressing neural ectoderm cells (Irving and Mason, 1999). 
 
1.1.5.2 Fgf8  
 
Genetic studies in which Fgf8 was partially or conditionally inactivated in a mouse 
(Meyers et al., 1998; Chi et al., 2003) further supported requirements of Fgf8 for the  
mid- and hindbrain development. The isthmic organizer dependent genes including 
Fgf8 were induced, but were not maintained in these mutants. In addition to down 
regulation of expression of the isthmic organizer dependent genes, mid- and hindbrain 
region is appoptotically deleted in the early stages of development in the midbrain-
rhombomere 1 specific Fgf8 mutants. At E17.5, midbrain, isthmus and cerebellum 
structures were completely missing in these mutants. Midbrain-rhombomere 1 
specific Fgf8 mutants completely lack or have severely truncated cranial nerves such 
as midbrain derived trochlear (IV), oculomotor (III) and a pat of a rhombomere 1 
derived trigeminal (V) nerve. In addition, dopaminergic neurons of the locus 
coeruleus and substantia nigra are completely lacking in these mutants. Before present 
work, there were no studies on the function of any of FGF receptors in the mid- and 
hindbrain region.  
 
Fgf8 is transcribed in multiple isoforms. Ectopic expression of one of Fgf8 isoforms, 
Fgf8b under, the Wnt1 promoter (Liu et al., 1999) resulted in the mutant mice in 
which early midbrain and posterior forebrain were transformed into the hindbrain, as 
indicated by the repression of Otx2 expression and anterior shift and expansion of 
Gbx2 and Fgf8 expressions. Interestingly, ectopic expression of another Fgf8 isoform, 
Fgf8a, mainly causes over proliferation of the midbrain and caudal diencephalon 
accompanied with the up regulation of En2 (Lee et al., 1997; Liu et al., 1999).  
 
In addition to Fgf8 many other Fgfs are expressed at or around the mid- and hindbrain 
boundary region. Fgf2 is expressed throughout the neural tube while Fgf8, Fgf15, 
Fgf17 and Fgf18 are tightly localized to specific regions of the developing midbrain 
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and hindbrain. Of these Fgf8, Fgf17 and Fgf18 are expressed only in the early stages 
of proliferation and neurogenesis. 
 
It is likely that some functional redundancy between FGFs occur. For example 
members of the FGF8 subfamily (FGF8, FGF17, and FGF18) share 70-80% similarity 
on the level of amino acid sequence, have similar receptor binding properties and are 
expressed at some overlapping sites (Maruoka Y. et al., 1998; Xu et al., 2000). Mice 
homozygous for the Fgf17 null allele have mild cerebellar defects and reduced 
proliferation of the cerebellum precursors cells after E11.5 (Xu et al., 2000). Fgf8 -/+ 
Fgf17 -/- mutant embryos have more severe phenotype than Fgf17-/- mice indicating 
that Fgf8 and Fgf17 have a partial overlap of function in the mid- and hindbrain 
development.  
 
In zebrafish acerebellar (ace), which carry mutation in fgf8 gene, midbrain and 
cerebellum fails to develop. Expression of the isthmic organizer genes is initiated but 
is not maintained in ace (Reifers et al., 1998). Thus fgf8 function is required to 
maintain, but not to initiate, expression of pax2.1, wnt1 and eng genes. 
 
1.1.5.3 Wnt1 
 
Embryos homozygous for a Wnt1 null allele have early midbrain deletion followed by 
the deletion of the rhombomere 1 (McMahon and Bradley, 1990; Thomas and 
Capecchi, 1990). En1 expression is initiated normally in Wnt1-/-, but is not 
maintained, suggesting a role of Wnt1 in the maintenance of the En1 expression. 
Indeed by introducing a transgene expressing En1 driven by Wnt1 promoter, into 
Wnt1 null mutants, the Wnt1-/- phenotype is rescued, suggesting that WNT1 function is 
to maintain En1 expression in the mid- and hindbrain (Danielian and McMahon, 
1996). WNT1 is also required for the maintenance of the Fgf8 expression (Lee et al., 
1997). Interestingly, when Wnt1 was ectopically expressed under the En1 promoter, 
the patterning activity of the isthmic organizer was not much altered, instead dorso-
caudal midbrain was dramatically enlarged in size (Adams et al., 2000; Panhuysen, V, 
2004). These results showed that WNT1 is not a key mediator of the isthmic organizer 
activity. 
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The behavior of the midbrain-hindbrain boundary cells in the Wnt1 hypomorph 
embryos, Wnt1sw/sw, suggest yet another mechanism. In Wnt1sw/sw embryos, the 
midbrain-hindbrain boundary is not sharp and cells expressing Otx2 and Wnt1 migrate 
in the rhombomere 1 (Bally-Cuif et al., 1995; Thomas et al., 1991). These results 
point to the altered cell adhesion properties of the mid- and hindbrain cells. Indeed it 
has been shown that WNT1 regulates the expression of the cell adhesion molecules 
such as E-Cadherin at the mid- and hindbrain boundary (Shimamura et al., 1994).   
 
In zebrafish, multiple wnt genes: wnt8b, wnt3a, wnt1 and wnt10b are expressed in the 
prospective mid- and hindbrain region (Kelly and Moon, 1995; Krauss et al., 1992; 
Lekven et al., 2003). Inactivation of both wnt1 and wnt10b was found in a Dfw5 
embryos resulting in subtle defects of the mid- and hindbrain (Lekven et al., 2003). 
However when wnt3a/wnt1/wnt10b compound mutants were generated by morpholino 
inactivation of wnt3a in Dfw5 embryos, it resulted in early loss of pax2.1, eng and fgf8 
(Lekven et al., 2003). Thus, WNT is required for the formation of an functional 
isthmic organizer also in zebrafish. 
 
1.1.5.4 En1/2   
 
Embryos homozygous for the En1 null allele have similar but milder mid- and 
hindbrain defects compared to the Wnt1-/- embryos (Wurst et al., 1994). On the other 
hand, En2-/- mice are viable and show only minor defects such as, abnormal foliations 
of the fissures of the cerebellum (Millen et al., 1994). En1-/-; En2-/- embryos have 
more severe phenotype than either of En null homozygous embryos alone, suggesting 
that two EN proteins can carry similar functions in mice (Liu and Joyner, 2001). 
Furthermore, when En1 coding sequence was replaced with those of En2, generating 
En12ki/2ki mice, the phenotype of En1-/- mice was rescued in the mid- and hindbrain 
(Hanks et al., 1995). 
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1.1.5.5 Pax2/5 
 
Similar to En genes, Pax2 and Pax5 are also co-expressed at the midbrain-hindbrain 
boundary. Several Pax2 mutant alleles have been created, displaying different 
phenotypes (Bouchard et al., 2000; Favor et al., 1996; Schwarz et al., 1997; Torres et 
al., 1996). Mice homozygous for Pax21Neu allele, a spontaneous frame shift mutation 
lack mid- and hindbrain region early in development. On the other hand, Pax5-/- mice 
have slight defects in the posterior midbrain and cerebellum. Like EN1/2 the two 
PAX proteins perform similar functions in the midbrain-hindbrain region, as 
demonstrated by generation of Pax2-/-; Pax5-/- double mutants (Schwarz et al., 1997). 
These mutants lack most of the midbrain and cerebellum and have more severe 
phenotype than either of Pax null homozygous mutant alone. 
 
Zebrafish has four pax genes, pax2.1, pax2.2, pax5 and pax8, expressed at the 
midbrain-hindbrain boundary. pax2.1 most closely resembles mammalian Pax2. The 
zebrafish no isthmus (noi) mutation, which is known to inactivate pax2.1, is 
functionally equivalent to the double inactivation of Pax2 and Pax5 in the mice in 
regard to the mid- and hindbrain development (Brand et al., 1996; Lun and Brand, 
1998; Pfeffer et al., 1998). In noi mutants, eng2 and eng3 transcription is not initiated 
normally, while fgf8 and wnt1 are initiated but not maintained. These results 
suggested that eng3 activation is completely and eng2 strongly dependent on pax2.1 
function.  
 
Table 1. Mid- and hindbrain phenotypes of the embryos carrying mutation in the 
isthmic organizer dependent genes. 
Zebrafish 
gene/mutation 
Midbrain and hindbrain phenotype of the mutant  
fgf8  
Acerebellar 
(ace) 
Ace embryos have a mutation in fgf8 allele. Ace embryos lack the midbrain-
hindbrain boundary and the cerebellum, expression of pax2.1, wnt1 and eng 
genes is initiated, but is not maintained, at the mid- and hindbrain boundary 
(Brand et al., 1996; Reifers et al., 1998).  
pou2 
Spiel-ohne-
grenzen (spg) 
Spg mutants carry loss-of-function in the pou2 gene. Spg embryos lack the 
midbrain-hindbrain boundary and the cerebellum, resembling the phenotype 
of ace (Schier et al., 1996). 
? 
Aussich (aus) 
Aus embryos exhibit widespread over-expression of fgf8. Aus  embryos 
show defects in the differentiation of the forebrain, midbrain and eyes and 
exhibit widespread up-regulation of fgf8 and pax2.1 (Heisenberg et al., 
1999). 
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pax2.1 
No isthmus 
(noi) 
Noi is a zebrafish pax2.1 mutant. Noi mutants lack the midbrain, midbrain-
hindbrain boundary and cerebellum. Expression of wnt1 and fgf8 occurs 
normally while initiation of eng2 and eng3 expression is altered (Brand et 
al., 1996; Lun and Brand, 1998). 
wnt1,  wnt10b 
Dfw5 
Dfw5 is an allele that deletes both wnt1 and wnt10b. Mutants have mild 
defects in the midbrain and cerebellum. Mutants display reductions in 
pax2.1 and eng2 expressions, while maintenance of fgf8, eng3, wnt8b and 
wnt3a is not affected (Lekven et al., 2003). 
Mouse gene Midbrain and hindbrain phenotype of the mutant  
Otx1 Homozygous Otx1 mutant adult mice have cortical defects, an abnormal 
midbrain and abnormal cerebellar foliation. Otx2 co-operates with Otx2 in 
mid- and hindbrain development; double mutants of Otx1 and Otx2 show an 
increase in strength of the embryonic mid- and hindbrain phenotype 
(Acampora et al., 1997; Acampora et al., 1998) 
Otx2 Otx2 mutant embryos have deletion of the brain anterior to r 3 (Acampora et 
al., 1995). Otx2 co-operates with Otx1 in the mid- and hindbrain 
development (Acampora et al., 1998). 
Gbx2  Gbx2 mutant embryos lack anterior hindbrain and show a caudal expansion 
of the posterior midbrain. The Otx2 expression domain is expanded 
posterior. Consequently, Wnt1 and Fgf8 expression domains are also shifted 
caudally. 
(Millet et al., 1999; Wassarman et al., 1997).  
Wnt1 Wnt1 homozygous mutant mice show a loss of the midbrain and adjacent 
cerebellar component of the rhombomere 1. (McMahon and Bradley, 1990; 
Thomas and Capecchi, 1990). 
Fgf17 Fgf17 mutants show a proliferation defect of precursors of the medial part of 
the cerebellum after E11.5, which increases in severity when heterozygous 
for Fgf8 (Xu et al., 2000).  
En1 In the brains of newborn En1 mutants, most of the colliculi and cerebellum 
are missing. A deletion of mid- and hindbrain tissue was observed as early 
as E9.5, and the phenotype resembles that reported for Wnt1 mutant mice 
(Wurst et al., 1994). 
En2 Mice homozygous for a targeted deletion of the En2 gene are viable but 
have an altered adult cerebellar foliation pattern (Millen et al., 1994). 
Pax2  Homozygotes for the spontaneous Pax21Neu allele, which contains a frame-
shift mutation that truncates the protein, have a brain deletion that includes 
most of the mid- and hindbrain region (Favor et al., 1996). 
Pax5 Pax5 mutants have only a partial deletion of the inferior colliculi (posterior 
midbrain) and a slightly enlarged third lobe of the cerebellum (Urbanek et 
al., 1994). 
Pax8 Homozygous Pax8 mutant embryos show a hypoplasia of the thyroid gland 
(Mansouri et al., 1994). 
Otx1-/+ Otx2-/+  
and 
Otx1-/- Otx2-/+ 
Depending on the genetic background both mutants have an expanded 
cerebellum and no midbrain or posterior diencephalons At early stages the 
isthmic organizer dependent genes are expressed normally but are then 
rapidly shifted into diencephalons (Acampora et al., 1997; Suda et al., 
1997).  
En1-/-; En2-/- En1/2 double mutants, lose both mid- and hindbrain by E10.5 (Liu and 
Joyner, 2001). 
Pax2-/-; Pax5-/- Pax2/5 double mutants, lose both mid-and hindbrain region (Schwarz et al., 
1997).  
Fgf8-/+;Fgf17 -/- In these mutants, proliferation defects increases in severity in the medial part 
of the cerebellum comparing to Fgf17 null mutants (Xu et al., 2000). 
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Targeted 
misexpression 
Midbrain and hindbrain phenotype of the mutant  
En1Otx2 In En1Otx2 mutants the anterior and medial region of the cerebellum does not 
develop and the midbrain is expanded posterior. Expression of the isthmic 
organizer dependent genes is shifted posterior and coincides with the new 
posterior border of Otx2 expression (Broccoli et al., 1999). 
En1Wnt1 En1Wnt1 mutants show strong over proliferation of precursor cells only in the 
caudal midbrain (Panhuysen et al., 2004). 
En12ki/2ki En12ki/2ki, in which En1 coding sequence is replaced with those of En2 
cDNA, rescue mid- and hindbrain phenotype of En1-/- embryos (Hanks et al., 
1995). 
Wnt1-/-; 
WEXPZ-En-1+ 
By introducing a transgene expressing En1 driven by Wnt1 promoter into 
Wnt1–/– mutants, the phenotype of Wnt1-/- embryos is rescued (Danielian and 
McMahon, 1996). 
Wnt1 Gbx2 In Wnt1 Gbx2 embryos hindbrain enlarge on the expense of the midbrain. 
Otx2 is repressed in the posterior midbrain and other isthmic organizer genes 
shift anteriorly (Millet et al., 1999). 
Wnt1 Fgf8b In Wnt1 Fgf8b embryos midbrain and diencephalons are deleted. Otx2 is 
reported in diencephalons end expression of the isthmic organizer dependent 
genes shift anteriorly (Liu et al., 1999).   
Hypo/ targeted 
inactivation 
Midbrain and hindbrain phenotype of the mutant  
Wnt1sw/sw 
 
In Wnt1sw/sw embryos the midbrain and hindbrain regions are partially 
reduced. These mutants show a cells scattering phenotype at the midbrain-
hindbrain boundary (Bally-Cuif et al., 1995; Thomas et al., 1991).  
Fgf8 (hyp) Embryos hypomorphic for Fgf8,  lose the mid-and hindbrain region early in 
development (Meyers et al., 1998).  
Fgf8 Flox/Flox; 
En1Cre/+ 
In Fgf8 Flox/Flox; En1Cre/+ embryos mid-and hindbrain cells die appoptotically 
at the E8-E10.5 (Chi et al., 2003). 
Gbx2 Flox/Flox; 
En1Cre/+ 
Gbx2 Flox/Flox; En1Cre/+ embryos develop functional cerebellum but have a 
defects in the medial cerebellar anlagen. Maintenance of the isthmic 
organizer characteristic genes is affected. (Li et al., 2002) 
Otx2 Flox/Flox; 
En1Cre/+ 
Otx2 Flox/Flox; En1Cre/+ embryos have abnormalities in the formation of the 
posterior midbrain. Fgf8 and Gbx2 expressions are shifted rostraly and 
appear expanded. (Puelles et al., 2003) 
 
1.1.6 Cellular properties of the midbrain-hindbrain boundary  
 
Although a lot has been learned about isthmic organizer dependent genes and their 
function, relatively little is known about the cellular properties of the midbrain-
hindbrain boundary region. 
 
The boundary is located at the constriction between the midbrain and hindbrain. It has 
been speculated that the morphological constriction between mid- and hindbrain 
prevents the mixing of the mid- and hindbrain cells. In addition to the morphological 
constriction, cell mixing between the midbrain and hindbrain can be prevented by 
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cell-cell interactions involving adhesion or repulsion (Pasini and Wilkinson, 2002). 
Consistent with this idea several cell adhesion molecules such as: E-cadherin, 
Cadherin-6, Pb-cadherin, and Cepu-1, are expressed at or around the midbrain-
hindbrain boundary (Inoue et al., 1997; Jungbluth et al., 2001; Kitajima et al., 1999; 
Shimamura et al., 1994).  
 
Recently it has been suggested that cells cross the midbrain-hindbrain boundary in 
vivo and that cell mixing between midbrain and rhombomere 1 derived cells occurs in 
vitro (Jungbluth et al., 2001). If the cells can freely cross the midbrain-hindbrain 
boundary, then they should rapidly change their identity according to the new 
environment. However, cells become specialized by time and loose their competence 
to respond to the inductive signals (Na et al., 1998; Schilling et al., 2001). Also, 
although single cells readily change their identity, coherent group of cells frequently 
maintain their original anterior-posterior identity when located in another domain.  
 
It is still possible that the restriction of cell movements exists at the mid- and 
hindbrain boundary. For example, cells that are mosaic for loss of Otx2 function in the 
Otx2 chimera embryos segregate from their neighbors and migrate to the hindbrain 
(Rhinn et al., 1999). The downstream targets of Otx2 might establish cell affinity 
differences between mid- and hindbrain by regulating expression of a Wnt1, R-
cadherin and EphA2. WNT signaling may also be involved in restricting the cell 
movements across the mid- and hindbrain boundary. In Wnt1sw/sw mice, the midbrain 
cells expressing Otx2 mix with the hindbrain cells (Bally-Cuif et al., 1995; Thomas et 
al., 1991). WNT1 may directly or indirectly control the expression of adhesion 
molecules such as E-cadherin in the mid- and hindbrain boundary region as suggested 
by down regulation of E-cadherin in the  Wnt1sw/swmutants (Shimamura et al., 1994). 
 
Midbrain-hindbrain boundary is also a site of delayed differentiation in all vertebrates 
(Bally-Cuif and Hammerschmidt, 2003). Cells of the midbrain-hindbrain layer are 
subject to the action of negative regulators of the neurogenesis, which prevent 
neurogenesis even in the forced presence of the proneural factors. In the mouse 
embryo double knock out of split-like transcription factors, Hes1 and Hes3 at E10.5, 
lead to the premature neurogenesis at the midbrain-hindbrain region (Hirata et al., 
2001). Gain and loss of function experiments in zebrafish of a related transcription 
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factor her5, demonstrated that the her5, negatively regulates neurogenesis of the 
midbrain-hindbrain region and increase proliferation in the medial domain of the 
neuron free zone (Geling et al., 2003).  
 
1.2 Craniofacial development 
 
1.2.1 Induction of neural crest cells  
 
Neural crest cells are formed during the neurulation. Inductive interaction between 
the neural plate and the epidermal ectoderm participate in the specification of the 
neural crest.  
 
A medio-lateral gradient of BPMs is established in the ectoderm, which specifies the 
neural plate border as anterior neural fold. Posteriorizing signals, such as WNTs, 
FGFs and RA, transform the most posterior part of the neural plate border into 
prospective neural crest cells. These signals are generated in a gradient-like manner, 
with higher levels in the posterior part of the ectoderm and lower levels in the anterior 
region. Levels are also kept low by anti-posteriorizing signals, such as Dickkopf and 
Cerebrus, produced by the anterior region of the embryos (Aybar and Mayor, 2002).  
 
The migration of the neural crest cells requires the loss of cell-cell adhesion 
molecules such as cadherins (Smith et al., 1997). Ephrin and their receptors are 
involved in the guidance of the neural crest cells to the proper branchial arches (Smith 
et al., 1997). In addition FGFs have been shown to be chemo-tactic for the neural 
crest cells (Kubota and Ito, 2000) and may therefore regulate migration of the neural 
crest cells to the branchial arches. 
 
The neural crest cells migrate away from the neural tube and disperse throughout the 
embryo. Migration occurs in the rostro-caudal order. Cranial neural crest cells 
contribute to the skeletal tissue of the face and neurons in the cranial ganglia. Trunk 
neural crest cells migrate ventrally through the somite. These cells give rise to several 
structures including various ganglia of the periferal system. Second route of migration 
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of the trunk neural crest cells is to travel between ectoderm and somites. These cells 
give rise to the pigment cells of the skin.  
 
1.2.2 Formation and differentiation of branchial arches  
 
Branchial arches are transient embryonic structures characteristic to all vertebrates.  
They are bud like structures populated with mesenchymal cells (mesoderm, neural 
crest) and covered with epithelial cells (ectoderm, endoderm). In mammals, six pairs 
of branchial arches form on both sides of the pharyngeal foregut.  
 
Before the formation of the branchial arches the mid- and hindbrain are regionalized. 
Positional determinants such as Hox genes are expressed in the rhombomeres of the 
hindbrain (Lumsden and Krumlauf, 1996; Rijli et al., 1998). It has been shown that 
the Fgf8 signal from the isthmic organizer, patterns the hindbrain by repressing 
HoxA2 in the rhombomere 1 (Irving and Mason, 2000).  Initially, it was suggested 
that the segmental pattern of the hindbrain, encoded by Hox genes, is transmitted by 
neural crest cells to the branchial arches and cranial ganglia (Hunt et al., 1991). 
Although neural crest cells retain the Hox code of the rhombomere from which they 
are derived, Hox code is regulated in different manner in the migrating neural crest 
cells than in the rhombomeres (Maconochie et al., 1999; Trainor and Krumlauf, 
2000). 
 
Figure 9. Neural crest cells 
migrate toward branchial 
arches. Neural crest cells 
(orange in A) migrate ventrally 
in three major streams toward 
first, second and third branchial 
arch territory, shown on 
saggital section of E10.5 mouse 
embryo. Coronal section of the 
E10.5 embryos is shown in (B). 
Paraxial mesoderm (blue in B) 
makes the core of the branchial 
arches while neural crest cells are found around the core (orange in B). Arches are covered by 
surface ectoderm (green in B) from the outside and by pharyngeal endoderm from the inside 
(red in B). Anterior-posterior and dorsal-ventral orientations are marked on the figure. BA, 
branchial arch; Ov, otic vesicle, R1-7, rhombomere 1-7. Adopted from (Graham and Smith, 
2001). 
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Branchial arches arise in anterior-posterior order between E8-E11 of embryonic 
development in the mouse. Formation of branchial arches is a complicated process, 
which involves communication between its constituents (Graham and Smith, 2001). 
Branchial arch formation is initiated by localized invaginations of pharyngeal 
endoderm coming into a direct contact with the overlying surface ectoderm at sites 
between the presumptive branchial arches. Simultaneously, the neural crest cells 
originating from the most dorsal part of the posterior midbrain and hindbrain migrate 
ventrally in three major distinct streams toward the first, second, and third branchial 
arches. Migratory neural crest cells are accompanied with the paraxial mesoderm cells 
initially localized as neighbors along the anterior-posterior axis. These two cell 
populations are co-distributed along the migratory route, but they segregate in the 
branchial arches (Fig. 9). At this point of development, branchial arches are 
composed of the paraxial mesoderm situated in the inner core of the branchial arch, 
while the neural crest cells are found around the core. Arches are covered by the 
surface ectoderm from the outside and by the pharyngeal endoderm from the inside 
(Noden, 1983a). The branchial arches are separated externally by five outpouchings 
of the foregut called pharyngeal pouches. The most rostral arch forms first around the 
embryonic age E8.5, followed by development of the more posterior arches. Different 
components of the branchial arches contribute to the formation of the different 
structures (Table 2). 
 
Table 2. Contribution of branchial arches components to the adult structures 
Embryonic cell types Derivatives 
Ectoderm Epidermis, external auditory and the sensory 
neurons of the arch associated ganglia 
(Couly and Le Douarin, 1990). 
Endoderm Epithelial cells lining the pharynx and 
endocrine glands formed in pharyngeal 
region: the thyroid, parathyroid and thymus 
(Couly and Le Douarin, 1990). 
Neural crest Connective and skeletal tissues (Couly et al., 
1992; Noden, 1983b). 
Mesoderm Musculature and the endothelial cells of the 
arch arteries (Couly et al., 1992; Couly et al., 
1993; Trainor et al., 1994). 
 
Recent evidence suggest that other tissues than the neural crest cells might have a 
major role in the formation of the branchial arches, as branchial arches develop even 
in the absence of the neural crest cells (Veitch et al., 1999).  
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The signaling molecules expressed in distinct regions of the branchial ectoderm and 
endoderm include Endothelins, Bmp family and Wnt family members, Shh and several 
members of the FGF family (Francis-West et al., 1998). FGFs have been shown to 
affect outgrowth and patterning of the neural crest cells in branchial arch explant 
cultures (Ferguson et al., 2000; Tucker et al., 1999). In addition, using tissue specific 
gene inactivation in mice, FGF8 was shown to support survival of the neural crest 
cells in the mandibular arch (Trumpp et al., 1999). 
  
 
1.3 FGFs and their receptors 
 
1.3.1 FGFs 
 
Most FGFs are secreted molecules, which play active role in the mouse 
embryogenesis by regulating proliferation, apoptosis, migration, patterning and 
differentiation. FGF genes have been found in both vertebrates and in invertebrates. 
(Burdine et al., 1997; Coulier et al., 1997; Ornitz and Itoh, 2001; Roubin et al., 1999; 
Sutherland et al., 1996). In mouse there are 22 FGF genes, which encode structurally 
related proteins with conserved “central domain” of 28 highly conserved and six 
identical amino acids (Ornitz and Itoh, 2001). The “central domain” gives FGFs a 
common tertiary structure, and enables it to interact with its receptors: heparan sulfate 
proteoglycans and FGF receptors (FGFRs) (Faham et al., 1996; Ornitz, 2000). 
 
The Fgf subfamilies arise by gene duplications that took place during the period 
leading to the emergence of vertebrates (Ornitz and Itoh, 2001). Orthologous FGF 
proteins share more than 90% similarity in the terms of amino-acid sequence identity, 
except for the human FGF15 and mouse FGF19 (Fig 10.). Human FGF15 and mouse 
FGF19 share 51% amino acid identity (Nishimura et al., 1999).  
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Figure 10. Evolution 
origin of FGFs.  
A) Evolutionary 
relationships between 
FGFs from vertebrates, 
invertebrates and a virus. 
B) Evolutionary 
relationship of the 22 
known human and 
murine FGFs adapted 
from (Ornitz and Itoh, 
2001). 
 
FGFs can be classified into several subfamilies based on their sequence similarity and 
functional homologies. One such subfamily contains FGF-8, -17 and -18 which share 
more than 70% of their amino acid sequences and have a high degrees of similarity in 
receptor binding specificity. Other family members such as FGF-11, -12, -13 and -14 
have alternatively spliced amino-terminal regions resulting from the use of alternative 
5’ exons.  
 
1.3.2 FGF receptors (FGFRs)  
 
FGFs bind with low affinity to heparan sulphate (HS) and with high affinity to FGF 
tyrosine kinase receptors (FGFRs) (Ornitz, 2000). The FGFR family consists of four 
closely related members (FGFR1-4). Their extracellular part has two to three 
immunoglobulin like domains which bind FGFs. Heparin-binding sequence, located 
between immunoglobulin domains is followed by single pass transmembrane domain 
and intracellular tyrosine kinase domain (Johnson et al., 1990; Lee et al., 1989; 
McKeehan et al., 1998) (Fig 11A).  
 
FGFRs transmit extracellular signal to various cytoplasmic signal transduction 
pathways trough tyrosine phosporylation. Key step from the extra cellular to 
intracellular signaling pathways is receptor dimerisation. FGFR is dimerised 
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following the formation of the FGF-FGFR-HS complex (Inatani et al., 2003; Ornitz et 
al., 1992; Rapraeger et al., 1991; Yayon et al., 1991).  These interactions stabilize 
FGFs against thermal denaturation and proteolysis (Ye et al., 2001). Structure-
function analyses and co-crystal structures of FGF1 and FGF2 with heparin 
oligosaccharides indicate that the heparin binding-domain of FGF is a composite 
domain contributed by distal sequence residues and formed by secondary and three 
dimensional structure (Faham et al., 1996; Ye et al., 2001). Indeed, in a mouse 
mutants in whom synthesis of heparan-sulfate was disrupted in the central nervous 
system by conditional inactivation of the Ext1 using Nestin promoter driven Cre-
recombinase, Fgf8 signaling was the most critically disrupted pathway (Inatani et al., 
2003). 
       Figure 11. FGF receptor structure and 
FGF signaling. Structural domains of FGF 
receptor are shown on the right of the panel. 
FGF signal transduction pathway is initiated 
upon formation of a ternary complex, FGF-
FGFR-HS. Upon the binding of FGF, 
FGFR is dimerised. Dimerisation of FGFR 
is followed by autophosphorylation of 
several tyrosine residues in the intracellular 
tyrosine kinase domain of FGFR. Active 
FGFR is then capable of phosphorylating its 
target molecules in the cytoplasm (modified 
from Dickson et al., 2000). 
 
1.3.2.1 FGF receptor signaling pathways 
 
The formation of the FGF-FGFR-HS complex causes the autophosphorylation and 
activation of the receptor tyrosine kinase (Fig 12.). In one pathway, receptor tyrosine 
kinase binds to an adaptor protein with SRC homology (SH2) domains; such as 
growth factor receptor bound protein 2 (GRB2) via its docking protein SHP2 or 
FRS2. GRB2, with Son of sevenless protein (SOS) bound to it, then binds to the FGF 
receptor tyrosine kinase. This pathway activates RAS, which in turn phosphorylates a 
series of mitogen-activated protein (MAP) kinases (RAF, MEK, ERK). ERK enters 
nucleus phosphorylates and activates transcription factor like ELK-1. Other effectors 
such as protein kinase C (PKC) and phosphatidylinositol 3-kinase (PI3K) can also 
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interact with the autophosphorylated tyrosine sites on the FGF receptor, and they can 
also act further downstream in the signaling pathway.  
 
Molecules induced by the FGF signaling include its inhibitors as well as its activators. 
Members of the SPRY, SEF, and MAP kinase phosphatase families are negative 
modulators of FGF signaling, whereas positive factors that promote FGF signaling 
include the ETS transcription factors ERM and PEA3. This multilayered regulation 
suggests that precise adjustment of FGF signaling is critical in development.  
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Schematic diagram 
showing several FGF signaling 
pathways. FGFR is dimerized and 
activated upon the binding of FGF. 
See text for further description. 
 
Most of FGFs are capable of binding more than one FGFR (Fantl et al., 1993). 
However, different FGFRs bind FGFs with different affinities (see Table 3). In 
addition FGFRs mRNA is alternatively spliced adding to the diversity of FGF 
receptors (Avivi et al., 1993; Gilbert et al., 1993; Miki et al., 1991; Ornitz et al., 1996; 
Orr-Urtreger et al., 1993; Yan et al., 1993). Alternative mRNA splicing of Fgfr1-3 
transcripts create either the IIIa, IIIb or IIIc isoforms (Chellaiah et al., 1994; Miki et 
al., 1992; Xu et al., 1998). Fgfr4 transcript is not alternatively spliced.  
 
1.3.2.2 FGF receptors mutations  
 
Expression pattern studies of FGFRs indicate the sites where they may be active. In 
chick Fgfr1 is expressed through out the neural tube, while expression of Fgfr2 and 
Fgfr3 is more dynamic and confined to specific regions of the developing midbrain 
and hindbrain (Walshe and Mason, 2000; Yamaguchi et al., 1992). Detailed study of 
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the Fgfr4 expression showed that it is not expressed within developing neural tube 
(Marcelle et al., 1994). In zebrafish, fgfr1 is expressed at the midbrain-hindbrain 
boundary, while the other three fgfrs are not (Scholpp, 2004; Sleptsova-Friedrich et 
al., 2001; Thisse et al., 1995; Tsang et al., 2002). In the early mouse embryo there 
were no detail studies of Fgfr expression in the mid- and hindbrain region to date. 
 
Table 3. Characteristics of the members of the FGF family (modified from Powers et al., 
2000). 
Name Signalling trough receptors 
FGF1  FGFR1,IIIb & IIIc; FGFR2, IIIb &IIIc; FGFR3, IIIb &IIIc; FGFR4 
FGF2 FGFR1, IIIb & IIIc; FGFR2, IIIc; FGFR3, IIIc; FGFR4 
FGF3 FGFR1, IIIb; FGFR2, IIIb 
FGF4 FGFR1, IIIc; FGFR2, IIIc; FGFR3, IIIc; FGFR4 
FGF5 FGFR1, IIIc; FGFR2, IIIc 
FGF6 FGFR1, IIIc; FGFR2, IIIc; FGFR4 
FGF7 FGFR2, IIIb 
FGF8 FGFR1; FGFR2, IIIc; FGFR3, IIIc; FGFR4 
FGF9 FGFR2, IIIc; FGFR3, IIIb & IIIc; FGFR4 
FGF10 FGFR1, IIIb; FGFR2, IIIb 
FGF11-14 Unknown 
FGF15 Unknown 
FGF16-19 FGFR1, IIIc; FGFR2, IIIc 
FGF20 Unknown 
 
All four Fgfrs have been inactivated in the mouse (Table 4). FGFR1 seems to play a 
role in the correct axial organization of the early embryos. Mouse embryos 
homozygous for a mutated Fgfr1 allele die early in development and show abnormal 
growth and aberrant mesodermal patterning (Deng et al., 1994; Yamaguchi et al., 
1994). FGFR2 seems to contribute to the outgrowth, differentiation, and maintenance 
of the inner cell mass (Arman et al., 1998). FGFR3 plays a role later in development 
by negatively regulating osteogenesis (Deng et al., 1996). Mouse null mutants for 
Fgfr4 exibited no difference in phenotype compared to the wild type controls 
(Weinstein et al., 1998). Phenotype of the double homozygous null mutants for the 
Fgfr3 and Fgfr4  was different than in either single mutant and revealed a cooperative 
functions of FGFR3 and FGFR4 (Weinstein et al., 1998). Before present work, there 
were no studies on the function of any of FGF receptors in the midbrain-hindbrain 
region. There was also no Fgfr1K656E overactive mutation generated in the mouse. 
 
Many inherited diseases in humans are associated with mutations in the FGFRs. All of 
these mutations result in overactive FGFR. For example mutations in FGFR1 can 
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cause the Pfeiffer syndrome, a malformation syndrome characterized by limb defects 
and by the premature fusion of the cranial sutures (craniosynostosis) that results in 
abnormal skull and facial shape. Another example is K650E mutation in the tyrosine 
kinase domain of FGFR3 that mimics activating phosphorylation event in the 
activation loop of the kinase domain and causes thanatophoric dysplasia type 2 (Naski 
et al., 1996; Tavormina et al., 1995). Thanatophoric dysplasia is a severe inherited 
skeletal disorder characterized by extremely short limbs and folds of extra skin on the 
arms and legs. Thanatophoric dysplasia type 2 is distinguished by an unusual head 
shape called a cloverleaf skull and straight thigh bones. 
 
Table 4. Some phenotypes of the embryos/ mice with the mutation in FGFR. 
Gene Phenotype  
Fgfr1 Homozygous null mutants for the Fgfr1 allele are early 
lethal, E8.5-E9.5. Mutant embryos have early growth 
defects, abnormal mesodermal pattering, no somites and 
expansion of axial mesoderm at the expense of paraxial 
mesoderm. On the other hand nonaxial tissues, such as the 
allantois, amnion and yolk sac mesoderm can form (Deng 
et al., 1994; Yamaguchi et al., 1994). 
Fgfr2 Homozygous null mutants for the Fgfr2 allele are early 
lethal at E 4. Mutant embryos die a few hours after 
implantation, growth of the inner cell mass stop, no visceral 
endoderm form and finally the egg cylinder disintegrate 
(Arman et al., 1998). 
Fgfr3 Homozygous null mutants for the Fgfr3 allele are viable. 
Mutant mice suffer skeletal dysplasias with enhanced and 
prolonged endochondral bone growth (Deng et al., 1996). 
Fgfr4 Homozygous null mutants for the Fgfr4 allele exhibited no 
overt abnormalities in any organ (Weinstein et al., 1998). 
Fgfr3 and Fgfr4 Double homozygous null mutants for the Fgfr3 and Fgfr4 
allele exhibit a defects not seen in either single mutant 
including pronounced dwarfism and lung abnormalities 
(Weinstein et al., 1998). 
 
1.4 Methodology 
 
1.4.1 Conditional mutagenesis with Cre-recombinase 
 
Mouse is a key player in the study of embryonic development and disease, due to the 
embryonic stem cell based gene knockout (targeted gene inactivation) technology 
(Capecchi, 1989). Classical knockout involves complete inactivation of gene function. 
 
38 
 
 
 
Although this is a powerful approach it has potential pitfalls. A major pitfall is that 
many genes are essential during the early stages of mouse development. A simple 
inactivation of these genes would not help in analysis of their later functions, because 
of the early death of mutant embryos.  
 
Site-specific DNA recombinase technology provides a means to delete, insert, invert 
or exchange chromosomal DNA with high fidelity. The most powerful application of 
site-specific recombinase technology is conditional gene inactivation, which allows 
analysis of the later functions of an essential gene. Cre-loxP system is one of the 
techniques used for conditional gene inactivation (Sauer et al., 1998; Lobe and Nagy, 
1998; Nagy, 2000; Rossant and McMahon, 1999). The Cre-recombinase is a 38 kD 
protein of the integral family, a product of the P1 bacteriophage (Sternberg et al., 
1986; Argos et al., 1986). Cre catalyses recombination between two of its 34-bp 
recognition sites, called loxP (Hoess et al., 1990). In a Cre-recombinase mediated 
gene inactivation two loxP sequences are placed flanking an essential region of a 
gene, generating a conditional allele often referred to as  “Flox” (flanked with loxP) 
allele (Fig. 13A). In the presence of a Cre-recombinase, the region flanked by the 
loxP sites is excised, generating an inactive allele. Time and place of inactivation of 
the conditional allele is determined by the promoter driving Cre-recombinase 
expression.  
 
Alternatively, the Cre-loxP system can be used for Cre-recombinase mediated gene 
activation.  For example, the loxP sites are flanking a selection cassette, which is 
maintained in the targeted allele. The presence of the selection cassette may cause a 
disruption of the gene expression due to the strong transcriptional elements present in 
the cassette, generating a silenced or hypomorphic allele (Fig. 13B). Such 
hypomorphic alleles have been generated for example in the case of Fgf8 and Fgfr1 
hypomprphs (Meyers et al., 1998; Partanen et al., 1998). In the presence of the Cre-
recombinase the sequence between two loxP sites is excised making the gene active. 
Such approach has already been used to model some human dominant disorders (Arin 
et al., 2001; Cao et al., 2001).  
 
Cre-loxP system can also be used to map the cells fate. Transgenes encoding 
histological markers, such as alkaline phosphatase (AP) and β-galactosidase, may be 
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activated or inactivated by Cre mediated recombination, thereby reporting Cre 
activity. Such mice are useful, not only for reporting a Cre-recombinase activity, but 
also for analyzing cell lineages (Fig. 13C). Cell, and all of its progeny, in which Cre 
recombination has occurred, will be irreversibly genetically marked expressing the 
reporter gene. This strategy has been used to fate map the midbrain and rhombomere 
1 cells. By using the inducible genetic fate mapping approach in mouse, Zinyk and his 
coauthors were able to demonstrate that the midbrain and rhombomere 1 are 
compartmental units that are partitioned by a lineage restriction boundary at the 
isthmic organizer (Zinyk et al., 1998).  
 
Since the first tissue specific inactivation of a gene (reviewed by Joyner and 
Guillemot, 1994), the use of Cre-loxP strategy has increased. The advantage of the 
Cre-loxP conditional gene inactivation as compared to the classical knockout 
techniques, is that one can inactivate the gene when and where one want. A limitation 
of this technique is still the availability of tissue-specific Cre lines and conditional 
alleles. 
 
 
 
 
 
 
 
 
 
 
Figure 13. Schematic 
representation of the Cre-loxP 
mediated gene recombination. 
Hatched lines represents cell 
lineage in which Cre mediated 
recombination has happened. A) 
Cre-recombinase mediated gene 
inactivation. B) Cre-recombinase 
mediated gene activation. C) 
Cre-recombinase mediated cell-
lineage marking. Blue color 
designates active reporter allele. 
TSP, tissue specific promoter; 
UP, ubiquitous promoter. Black 
arrowhead indicates 
transcription start site. Red 
arrowheads indicate loxP 
cassettes. 
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2. Aims 
  
 
The aim of the present study was to investigate the role of the Fgfr1 in the midbrain-
hindbrain and branchial arches, during the early development of the mouse embryo, 
by conditional mutagenesis. 
 
The specific aims were: 
 
1. To study expression of Fgfrs in the midbrain-hindbrain and branchial arches  
 
2. To develop a strategy to conditionally inactivate Fgfr1 
 
3. To develop a strategy to conditionally resque hypo,orphic Fgfr1 
 
4. To develop a strategy to generate an overactive Fgfr1 allele 
 
5. To study the role of Fgfr1 in the mid- and hindbrain using developed genetical 
tools 
 - To compare the role of  Fgfr1 in the midbrain to its role in the hindbrain 
 
6. To study specific cell properties of the Fgfr1 dependent boundary cells 
 - To compare the proliferative kinetics of the Fgfr1 dependent boundary cells 
    to adjacent midbrain and rhombomere 1 cells at E9.5 and E10.5 
 
7. To study the role of Fgfr1 in the pharyngeal development using developed 
genetical tools 
 - To specifically inactivate Fgfr1 in the neural crest cells 
 - To specifically rescue the hypomorphic Fgfr1 allele in the neural crest cells 
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3. Materials and methods 
 
PCR primers, genotyping of mouse lines, vectors, histological and other methods used 
in original articles marked by roman numbers or unpublished data are shown in 
(Tables 5-11) or are explained in the text.  
 
3.1 PCR and genotyping (I, II, III) 
 
For PCR preparation, tail biopsies and yolk sacks were incubated overnight at 55oC in 
100µl of proteinase K buffer containing 50mM KCL, 10mM Tris pH 8.3, 2mM 
MgCl2, 0.1% gelatin, 0.45% nonidet P-40, 0.45% Tween-20 and 1mg/ml proteinase 
K. 1 µl of tail/yolk sack prep was used as a template in PCR reaction.  
 
PCR reactions of tail biopsies, yolk sacks and cell suspensions were performed under 
following conditions: 97 oC for 10 minutes, 80 oC for 10 minutes, followed by 40 
cycles of 95 oC for 30 seconds, 55 oC for 1 minute, 72 oC for 5minute. Reaction 
products were run on a 2% agarose gel.  
 
Table 5. Primers  
Primer Sequence Used in 
LoxP-1 5’-AATAGGTCCCTCGACGGTATC –3’ I, II, III 
7-8 3’ 5’-CTGGGTCAGTGTGGACAGTGT-3’ I, II, III 
7-8del 5’ 5’-CCCCATCCCATTTCCTTACCT-3’ I, III 
7-8del 3’ 5’-TTCTGGTGTGTCTGAAAACAGCT-3’ I, III 
15-16 3’ 5’-TAGTAGTCGGCACTGTTTGGA-3’ I, III 
Cre5’ 5’-AATCTCCCACCGTCAGTACG-3’ I, II, III 
Cre3’ 5’-CGTTTTCTGAGCATACCTGGA-3’ I, II, III 
F 3’ 5’-TAT ACA CCG AGA CCT GGC TGC T unpublished
R 5’ 5’-GGA TGA CAC AGA GGA CTC ACG GG unpublished
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Table 6. Genotyping of mouse alleles 
Allele Genotyping Reference Used in 
TielcZ β-galactosidase  (Puri et al., 1995) III 
Z/AP β-galactosidase  (Lobe et al., 1999) I, III 
ROSA26 β-galactosidase  (Friedrich and Soriano, 1991) I 
R26R β-galactosidase (Soriano, 1999) unpublished 
En1-Cre Cre5’ and Cre3’ (Kimmel et al., 2000) I, II 
Wnt1-Cre Cre5’ and Cre3’ (Danielian et al., 1998) I, III 
Pgk-Cre Cre5’ and Cre3’ (Lallemand et al., 1998) I 
Fgfr1Flox LoxP1 and 7-8 3’  I, II, III 
Fgfr1∆Flox LoxP1 and 15-16 3’  I, III 
Fgfr1n7 LoxP1 and 7-8 3’ (Partanen et al., 1998) I, III 
Fgfr1n15YF LoxP1 and 15-16 3’ (Partanen et al., 1998) I, III 
ICR   I,II,III, 
unpublished 
NMRI   I,II,III, 
unpublished 
Fgfr1 WT 7-8del5’and 7-8del3' (Partanen et al., 1998) I, II, III 
 
 
3.2 Generation of K656E targeting vector (unpublished) 
 
Targeting vector was generating for introduction of the K656E mutation into the 
Fgfr1 locus. Mutations were engineered into one of the arms of the homology and the 
selectable marker neo was located in an intronic region (pPNTLoxP-K656E, see Fig. 
19A). The mutations were introduced into genomic clones of Fgfr1 (Yamaguchi et al., 
1994) by Altered Sites in vitro mutagenesis system (Promega).  Lysine 656 was 
changed to glutamic acid by a single nucleotide mutation G to A followed by a neutral 
mutation T to C, which created a ClaI site in exon 13. 
 
The targeting vector was generating as follows. pPNTLoxP-K656E: a 3kb BamHI-
BglII fragment was sub cloned as the 3’ arm into pPNTLoxP vector (having the neo 
gene flanked by loxP sites (Shalaby et al., 1995)). A 3kb NotI-SalI fragments 
containing a mutation K656E and neutral mutation generating ClaI site in the exon 13 
(see above) was inserted as a 5’ arm. 
Table 7. Vectors 
Vector Reference Used in 
pALTER-1 (Promega) unpublished 
pPNTLoxP (Shalaby et al., 1995) unpublished 
pBluescript II KS (Stratagene) I, unpublished 
pCAGGSNLSCRE (a gift from A. Nagy) unpublished 
 
43 
 
 
 
3.2.1 Gene targeting in ES cells and generation of K656E 
unconditional allele (unpublished) 
 
The targeting vector was linearized with NotI and electroporated into R1 ES cells. 
G418r Gancr clones were screened by Southern blot hybridization and PCR for 
targeting events and introduction of the mutations. Five homologous recombinants 
were obtained of 200 clones screened, two of which contained K656E mutation 
diagnosed by the ClaI digestion of PCR amplified region (Fig. 19 B-E).  
 
To remove neo cassette, ES cells heterozygous for the allele Fgfr1K656EN were 
electroporated with the expression vector pCAGGSNLSCRE (a gift from A. Nagy), 
which drives Cre expression, using standard procedures (Joyner et al., 2000). 
Removal of the neo cassette from the Fgfr1K656EN allele resulted in the generation of 
the unconditional Fgfr1K656EL allele. Single cell suspension of electroporated cells was 
plated on feeder cells. Resulting clones were screened by southern blot hybridization 
and PCR for recombination between loxP sites and targeting events. Diploid chimeric 
embryos were generated by aggregating an 8-10 cell clump of either Fgfr1K656EN/+ or 
Fgfr1K656EL/+ ES cells with 8-cell embryos of ROSA26 mice, using the standard 
morula aggregation technique (Friedrich and Soriano 1991; Wood et al., 1993). 
Aggregates were transferred into the uteri of ICR foster mothers, chimeric embryos 
were dissected at E9.5. Contribution of ES cells and ROSA26 cells was determined 
by whole-mount β-galactosidase staining.  
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Table 8. Histology 
 
Histological methods Reference Used in 
Hematoxylin-eosin   I, II, III 
Semi-thin sections  I, II 
Toluidine blue  I, II 
ß-galactosidase (Lobe et al., 1999) I, III 
Alkaline phosphatase  I, III 
NADPH-Diaphorase   I 
AChE histochemistry  I 
Skeletal analysis  III 
Radioactive in situ on sections (Wilkinson and Green, 1990) I, II, III 
Whole-mount in situ (Henrique et al., 1995) I, II, III 
TUNEL assays In Situ Cell Death Detection Kit (Roche, 
cat. 1684 795) 
I, II, III 
Nile blue sulfate (NBS) staining  I, III 
BrdU incorporation Cell Proliferation Kit (Amersham-
Pharmacia, RPN20) 
II 
 
 
Table 9. Immunohistochemistry 
 
Antibody Description/ Source Used in 
α -calbindin Rabbit-α-Calbindin (Swant cat. CB38) I 
α -TH Rabbit-α-Tyrosine Hydroxylase (Chemicon 
AB152) 
I 
α-NF Mouse monoclonal α-neurofilament (Sigma 
N-5139) 
I 
α -ChAT rabbit-α-Choline Acetyltransferase 
(Chemicon, AB5042) 
I 
α-phospho-Histone H3 Rabbit-α-phospho-Histone H3(Upstate, 06-
570) 
II 
 
 
Table 10. Behavioral studies 
 
Rotarod assay  I 
Stationary beam assay  I 
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Table 11. mRNA in situ hybridization 
 
Probe Reference Used in 
Ap2  III 
Bmp4 (Tucker et al., 1998) III 
Crabp1 IMAGE468821 III 
Dlx1 (McGuinness et al., 1996) III 
Dlx2 (Porteus et al., 1992) III 
Dlx5 (Liu et al., 1997) III 
EphA4 (Gilardi-Hebenstreit et al., 1993) III 
EphB2 IMAGE4983886 III 
EphB3 IMAGE1110951 III 
Fgf3 (Peters, et al., 1993) III 
Fgf8 (Crossley and Martin, 1995) I, II, III 
Pax1 IMAGE1327502 III 
Hoxa2 A gift from Mario Capecchi II, III 
Hoxd4  III 
Hoxb1  III 
Hoxb2  III 
Krox20 (Nieto et al. 1991) III 
Msx1 (MacKenzie et al., 1991) III 
Otx2 (Acampora et al., 1997) I, II 
Fgf15 (McWhirter et al., 1997) II 
Fgfr1∆Flox (Trokovic et al., 2003) I, II, III 
Fgfr2 A gift from Alka Mansukhani I, II, III 
Fgfr3 (Peters et al., 1993) II, III 
Spry1 A gift from Seppo Vainio I, II 
Erm IMAGE3674281 II 
Pea3 (Lin et al., 1998) II 
CyclinD1 IMAGE 3155470 II 
CyclinD2 IMAGE367058 II 
Jumonji IMAGE6406875 II 
p21 A gift from Bert Vogelstein II 
En1 (Davis and Joyner, 1988) I 
En2 (Davis et al., 1988) I 
EphrinA5 A gift from David Wilkinson I 
Gbx2 A gift from Wolfgang Wurst I 
Pax2 A gift from Gregory Dressler I 
PB-cadherin Clone ID: UI-M-BH1-akr-h-03-0-UI I 
Wnt1 (McMahon et al., 1992) I 
Dopamine-β-hydroxylase A gift from Wolfgang Wurst I 
VachT A gift from Wolfgang Wurst I 
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4. Results and discussion  
 
4.1 Expression of Fgfrs during the early development of the 
midbrain-hindbrain and branchial arches (I, II, III) 
 
We wanted to analyze the role of Fgfr1 in the early development of the midbrain-
hindbrain and branchial arches. As FGFRs may have redundant functions if co-
expressed, we decided to analyze the expression pattern of Fgfr1-4 in the midbrain-
hindbrain and branchial arches region of the early mouse embryo by in situ mRNA 
hybridization on sections or whole mounts (Table 12). We were not able to detect 
expression of Fgfr4 during the early stages of the mouse embryos development (data 
not shown). 
 
Table 12. Fgfr1, Fgfr2 and Fgfr3 expression in the anterior neural tube and branchial 
arches. 
BA1 BA2 Molecule Stage mb mhb r1 
End Ect ncc mes end Ect ncc mes
Fgfr1 E7.5 + + +         
Fgfr2 E7.5 + + +         
Fgfr3 E7.5 - - -         
Fgfr1 E8.5-10.5 + + + + + + + + + + + 
Fgfr2 E8.5-9.5 + - + + + + + + + + + 
Fgfr3 E8.5-9.5 + - + - + - - - + - - 
+, detected signal; -, signal not detected; mb, midbrain; mhb, mid-and hindbrain boundary 
region; r1, rhombomere 1; BA1, branchial arch 1; BA2, branchial arch 2; end, endoderm; ect, 
ectoderm; ncc, neural crest cells; mes, mesoderm. Probes used detect all Fgfrs isoformes. 
 
The in situ hybridization results indicate that both FGFR1 and FGFR2 might receive 
FGF signaling at the head fold region of E7.5 embryos (see I Fig. 1 and II 
Suplementary Fig. 1). However, from E8.5-E10.5, cells located close to the 
midbrain-hindbrain boundary region can mediate FGF signaling  only trough FGFR1 
(see I Fig. 1 and II Fig. 2). In addition to FGFR1, cells located further away from the 
boundary region can mediate FGF signaling trough FGFR2 and FGFR3. In the 
ectoderm of the branchial arch 1 and 2, all three FGF receptors (FGFR1-3) may 
mediate FGF signaling, while in the endoderm, neural crest cells and the mesoderm of 
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the branchial arch 1 and branchial arch 2, only FGFR1 and FGFR2 may mediate FGF 
signaling (see III Suplementary Fig. 1).  
 
4.3 Developing a strategy to conditionally inactivate Fgfr1 in 
the midbrain-hindbrain and branchial arches (I, II, III) 
 
4.3.1 Generation of a conditional Fgfr1 allele (I) 
 
We wanted to study the function of the Fgfr1 in the midbrain-hindbrain and the neural 
crest cells. Embryos homozygous for the Fgfr1 null allele die early during 
gastrulation (Deng et al., 1994; Yamaguchi et al., 1994). To study the function of the 
Fgfr1 at later stages, we generated a conditional Fgfr1 allele, Fgfr1Flox (Fig. 14 and I 
Suplementary Fig. 1).  
 
 
 
 
 
 
Figure 14. Conditional inactivation of Fgfr1. 
Exon 8-15 encode for transmembrane domain, 
juxtamembrane domain and most of the tyrosine 
kinase domain, which are essential for FGFR1 
function. Fgfr1Flox allele was generated by insertion 
of two loxP sites in intron 7 and 15. Fgfr1Flox allele 
can be inactivated in a tissue specific manner by the 
Cre-recombinase, generating inactive form of Fgfr1, 
Fgfr1∆Flox allele. 
 
 
Mice hetero-or homozygous for the Fgfr1Flox allele, were indistinguishable from the 
wild type littermate controls. Thus, the loxP sites does not interfere with FGFR1 
function.  
 
Cre mediated recombination of Fgfr1Flox creates Fgfr1 allele where exons 8-15 are 
deleted (Fgfr1∆Flox) (Ohkubo et al., 2004). Thus it was possible that expression of 
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Fgfr1∆Flox results in a dominant-negative gene product. To test that, we crossed the 
Fgfr1Flox/+ with the ubiquitously expressing Cre mice line, Pgk-Cre (Lallemand et al., 
1998). Mice heterozygous for Fgfr1∆Flox allele were indistinguishable from the wild 
type littermate controls. Thus the recombination of Fgfr1 did not result in the 
generation of a dominant-negative gene product that would significantly interfere with 
the FGF signaling.  
 
4.3.2 Analysis of the Cre-recombinase activity in the En1-Cre and 
Wnt1-Cre mice (I, II, III) 
 
To study the role of Fgfr1 in the early development of the midbrain-hindbrain, we 
inactivated it in a tissue specific fashion using En1-Cre mice line, which express Cre-
recombinase under En1 locus (Kimmel et al., 2000). We also wanted to study the role 
of Fgfr1 in the early development of the midbrain and neural crest cells. For that 
purpose, we inactivated Fgfr1 in a tissue specific fashion using Wnt1-Cre transgenic 
mice line, which express Cre-recombinase under the Wnt1 promoter (Danielian et al., 
1998).  
 
First, in order to analyze the pattern of Cre-recombinase activity of the En1-Cre and 
Wnt1-Cre mice we crossed the mice with the Z/AP/+ reporter mice line (Lobe et al., 
1999). The Z/AP/+ reporter mice line carry a double reporter allele that provides 
readout of Cre-recombinase activity and express alkaline phosphatase upon Cre-
mediated excision or LacZ in the absence of the Cre-mediated excision.  
 
Table 13. Analyzes of the Cre recombination in the En1-Cre/+; Z/AP/+ and Wnt1-Cre/+; 
Z/AP/+ mice (I, III). 
Mice line Stage mb r1 Ncc Mice line Stage mb r1 Ncc 
En1-Cre/+;Z/AP/+ E8.5 + + - Wnt1-Cre/+;Z/AP/+ E8.5 + - + 
 E9.5 + + -  E9.5 + - + 
 E10.5 + + -  E12.5 + - + 
+, Cre recombination detected; -; Cre recombination not detected; mb, midbrain; r1, 
rhombomere 1; ncc, neural crest cells 
 
Recombination of the Z/AP reporter allele in En1-Cre/+; Z/AP/+ and Wnt1-Cre/+; 
Z/AP/+ E9.5 embryos, occurred in all En1 and Wnt1 positive cells, arguing for the 
efficiency of these Cre lines (Table 13, I Fig. 2 and III Fig. 7).  
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In addition to the complete recombination of Z/AP allele in the midbrain, we observed 
some recombined cells in the rhombomere 1 of the E8.5 and E10.5 Wnt1-Cre/+; 
Z/AP/+ embryos. What is the origin of these cells? First, it is possible that Cre-
recombinase is expressed under Wnt1 promoter transiently in the rhombomere 1 
during the early somite stages, which results in the scattered recombinant cells in the 
rhombomere 1 (Rowitch and McMahon, 1995). Indeed, when we bred Wnt1-Cre/+ 
mice with another reporter mouse strain, R26R (Soriano, 1999), all cells from the 
rhombomere 1 were recombined in addition to the midbrain cells (Fig. 15). Locus-
dependent recombination by Wnt1-Cre is a likely explanation for the difference in the 
results with the two reporter lines (Vooijs et al., 2001). 
 
               Figure 15. Wnt1-Cre mediated 
recombination of two different 
reporter alleles. A) At E10.5 Wnt1-
Cre mediated recombination between 
loxP sites in the Rosa26 allele results 
in LacZ expression in the midbrain 
and rhombomere 1. B) Wnt1-Cre 
mediated recombination between loxP 
sites in the Z/AP allele results in 
alkaline phosphatase expression in the 
midbrain. Arrowheads mark mid- and 
hindbrain boundary. MB, midbrain; 
R1, rhombomere 1. 
 
 
Alternatively, the midbrain-hindbrain boundary might not represent a cell lineage 
restriction boundary (Jungbluth et al., 2001). It is possible that Wnt1-Cre recombined 
cells originate in the midbrain and migrate to the rhombomere 1. However, in the 
Wnt1-Cre/+; Z/AP/+ embryos, only few recombined cells were located in the 
rhombomere 1. In addition, majority of the recombined cells were confined to the 
midbrain with a sharp border at the midbrain-hindbrain boundary (Fig. 15 B). Also in 
the Wnt1-Cre; R26R all cells of rhombomere 1 were recombinant. These results argue 
against detection of migration of the Wnt1-Cre recombined cells to the rhombomere1. 
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4.3.3 Tissue-specific inactivation of Fgfr1 in the midbrain-
hindbrain, midbrain and neural crest cells (I, II, III) 
 
We inactivated Fgfr1 in a tissue specific manner by generating En1-Cre/+; 
Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos (see I Fig. 2 and III Fig. 7). 
Pattern of the inactivation of the Fgfr1Flox allele was determined by radioactive in situ 
hybridization. Fgfr1Flox allele was completely recombined at E8.5 (11ss) in the 
midbrain-hindbrain region of the En1-Cre/+; Fgfr1Flox/Flox and the midbrain and 
neural crest cells of the Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos. Rhombomere 1 cells 
were not recombined in the Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos, although we cannot 
exclude recombination at low frequency.  
 
Then we wanted to adress when Fgfr1 was functionally inactivated in the En1-Cre/+; 
Fgfr1Flox/Flox embryos. We analyzed the expression of immediate downstream targets 
of FGF signaling in the mid- and hindbrain by whole mount in situ hybridization in 
the En1-Cre/+; Fgfr1Flox/Flox embryos. An FGF-inducible tyrosine kinase inhibitor, 
Spry1, is believed to be an immediate downstream target of FGF signaling 
(Minowada et al., 1999). Spry1 is expressed in the midbrain-hindbrain region of the 
wild type embryos from somite stage 8 to 12. At somite stage 8, Spry1 was expressed 
in the En1-Cre/+; Fgfr1Flox/Flox embryos in a pattern undistinguishable from their wild 
type littermate controls. In 12 somite stage En1-Cre/+; Fgfr1Flox/Flox embryos, Spry1 
was down regulated in the cells located close to the midbrain-hindbrain boundary (see 
III Suplementary Fig. 3). These results suggested that FGFR1 is functionally 
inactivated in the midbrain-hindbrain region between somite stages 8 to 12 in the 
En1-Cre/+; Fgfr1Flox/Flox embryos. 
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4.4 Role of FGFR1 in the midbrain and hindbrain (I, II, 
unpublished) 
 
4.4.1 Defects in the midbrain and cerebellum development results 
in altered motor behavior in the midbrain-hindbrain Fgfr1 mutants 
(I) 
 
En1-Cre/+; Fgfr1Flox/Flox mice were visibly uncoordinated showing abnormal gait and 
wide stance. To test it further, we did behavioral analysis of En1-Cre/+; Fgfr1Flox/Flox 
and wild type mice, using rotarod and stationary beam assays. Both assays showed 
that motor coordination was impaired in the mutants compared to the control mice. 
These results suggested that En1-Cre/+; Fgfr1Flox/Flox mice have defects in the 
cerebellum.  
 
We then dissected the brains of the En1-Cre/+; Fgfr1Flox/Flox and wild type adult and 
newborn mice. The vermis of the cerebellum was completely absent in the En1-
Cre/+; Fgfr1Flox/Flox adult and newborn mice. Cerebellar lobes were present, but their 
foliation was slightly altered. In the midbrain, deletion of the inferior colliculi was 
evident.  
 
In the newborn mice homozygous for the hypomorphic Fgfr1 alleles, Fgfr1n7 and 
Fgfr1n15YF, we observed defects in the vermis and partial deletions of the inferior 
colliculi of the midbrain. Differences in the midbrain-hindbrain phenotypes between 
En1-Cre/+; Fgfr1Flox/Flox and hypomorphic Fgfr1 mice are presumably due to the 
presence of the low transcription levels of the Fgfr1 in the hypomorphic Fgfr1 mice. 
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4.4.2 Defects in the alar and basal plate of the midbrain-hindbrain 
Fgfr1 mutants (I) 
 
In addition to the dorsal midbrain and cerebellum, we analyzed several ganglia in the 
alar and basal plates of the midbrain–hindbrain region of En1-Cre/+; Fgfr1Flox/Flox 
mutants, including locus coeruleus, substantia nigra, cranial nerves III and IV, pontine 
nucleus, the nucleus pedunculopontinus tegmentalis and nucleus parabigeminalis. 
Tyrosine hydroxylase-positive neurons were found in newborn and adult mutants, in 
both the substantia nigra of the midbrain and the locus coeruleus of the rhombomere 
1. Also, Dopamine β  hydroxylase mRNA in situ hybridization revealed the locus 
coeruleus in the mutants. However the nucleus appeared to be disorganized as 
compared with the wild type. Whole-mount neurofilament staining of E10.5 En1-
Cre/+; Fgfr1Flox/Flox embryos revealed both the oculomotor (III) nerve from the 
midbrain and trochlear (IV) nerve from the anterior rhombomere 1. Consistently, the 
oculomotor and trochlear nuclei also appeared unaltered in adult mutants. In addition, 
pontine nuclei as well as mesopontine nuclei such as nucleus pedunculopontinus 
tegmentalis and nucleus parabigeminalis were found to be present in the mutants. 
Thus, in contrast to the dorsal structures, no extensive deletions or alterations were 
observed in the basal plate of the midbrain–hindbrain region. 
 
4.4.3 Midbrain is affected in the midbrain Fgfr1 mutants (I) 
 
We then wanted to know if the midbrain development was affected in the Wnt1-
Cre/+; Fgfr1∆Flox/Flox mice. The mice die neonatal, possibly due to the defects in the 
neural crest cell derivatives. We dissected the brains of the newborn Wnt1-Cre/+; 
Fgfr1∆Flox/Flox mice and their littermate controls. Similar to the En1-Cre/+; 
Fgfr1Flox/Flox mice, inferior colliculi of the midbrain was deleted in the Wnt1-Cre/+; 
Fgfr1∆Flox/Flox mice. In contrast to the En1-Cre/+; Fgfr1Flox/Flox mice in which vermis 
of the cerebellum was deleted, vermis structure was abnormal, but still present in the 
Wnt1-Cre/+; Fgfr1∆Flox/Flox mice.  
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These results suggest that primary defect in the brains of the Wnt1-Cre/+; 
Fgfr1∆Flox/Flox embryos was in the midbrain. This is supported by analyses of the 
isthmic organizer dependent genes expression of E9.5 and E10.5 Wnt1-Cre/+; 
Fgfr1∆Flox/Flox embryos (see chapter 4.4.5 and Fig. 17). Defects in the vermis structure 
of the Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos suggest that the proper development of the 
dorsal midbrain is required for the normal development of the cerebellum.  
 
4.4.4 Rescues of the hypomorphic Fgfr1 allele in the midbrain-
hindbrain and midbrain (unpublished) 
 
Fgfr1n7/n7 embryos have similar dorsal midbrain and vermis defects to the En1-Cre/+; 
Fgfr1Flox/Flox mice in which Fgfr1 is conditionally inactivated from 8 somite stage. We 
asked whether the dorsal midbrain and vermis defects in the Fgfr1n7/n7 embryos are 
due to the altered Fgfr1 expression before somite stage 8 to 12. To answer that 
question we rescued hypomorphic Fgfr1 specifically in the midbrain and hindbrain 
after somite stage 8 to12, by generating En1-Cre/+; Fgfr1n7/n7 embryos. Interestingly, 
in En1-Cre/+; Fgfr1n7/n7 embryos, development of both dorsal midbrain and vermis 
were rescued, compared to the Fgfr1n7/n7 embryos (Fig. 16). Our results suggested that 
altered Fgfr1 expression before 9-12 somite stage in the Fgfr1n7/n7 embryos does not 
result in the dorsal midbrain and vermis defects. It is possible that some other receptor 
such as Fgfr2 (see chapter 4.1 and Table 12), compensates for the reduced expression 
of Fgfr1 in the early organization  of the mid- and hindbrain.  Alternatively, reduced 
Fgfr1 expression in the Fgfr1n7/n7 embryos is sufficient for normal early development 
of the mid- and hindbrain. 
 
The phenotype of Wnt1-Cre/+; Fgfr1∆Flox/Flox mice suggested that normal 
development of the dorsal midbrain was required for the proper development of the 
vermis. We asked if the proper development of the rhombomere 1 area is required for 
the normal development of the dorsal midbrain. To answer that question we rescued 
Fgfr1 expression specifically in the midbrain by generating  Wnt1-Cre/+; Fgfr1n7/n7 
embryos. Surprisingly, we observed defects in both dorsal midbrain and vermis in 
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Wnt1-Cre/+; Fgfr1n7/n7 embryos, similar to the Fgfr1n7/n7 embryos (Fig. 16). Our 
result suggested that development of the dorsal midbrain is dependent on the proper 
development of the rhombomere 1.  
 
Figure 16. Morphology 
of the mid- and 
hindbrain of the 
midbrain-hindbrain and 
midbrain specific Fgfr1 
rescues of the 
hypomorphic Fgfr1 
mutants. Whole mount 
views with corresponding 
mid-sagittal sections of 
the brains of the newborn 
embryos. A) wild type, B) 
hypomorphic Fgfr1 
mutants, C) En1-Cre/+; 
Fgfr1n7/n7 and D) Wnt1-
Cre/+; Fgfr1n7/n7. Arrows 
point to the aplasia of the 
vermis and defects in the 
hindbrain. Arrowheads 
point to the rescued 
structures of the mid- and 
hindbrain. F) Schematic 
representation of the mid- 
and hindbrain defects in 
the wild type, En1-Cre/+; 
Fgfr1Flox/Flox, Wnt1-Cre/+; 
Fgfr1Flox/Flox, Fgfr1n7/n7, 
En1-Cre/+; Fgfr1n7/n7 and 
Wnt1-Cre/+; Fgfr1n7/n7 embryos. Loss of the midbrain or hindbrain structure in the newborn 
embryos is presented in gray.  cl, cerebellar lobe; cp, choroid plexus; di, diencephalons; ic, 
inferior colliculi; mb, midbrain; mhb, midbrain-hindbrain boundary; r1-2, rhombomere 1-2; v, 
vermis.   
 
4.4.5 Isthmic organizer forms and is positioned properly, but is not 
maintained in the midbrain-hindbrain and midbrain Fgfr1 mutants 
(I, II) 
 
We wanted to know whether the isthmic organizer forms and is it positioned properly 
in the En1-Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos. For this, we 
analyzed the expression of isthmic organizer dependent genes in En1-Cre/+; 
Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos at E8.5 and E9.5 by whole-
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mount in situ hybridization. Pax2, Wnt1 and Fgf8 were expressed in En1-Cre/+; 
Fgfr1Flox/Flox E8.5 embryos in a pattern indistinguishable from the wild type embryos. 
At E9.5, expression pattern of the isthmic organizer genes, Otx2, Gbx2 and Fgf8 in 
the En1-Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos was similar to 
their expression in the wild type embryos (Fig. 17, I Fig. 4, Fig. 6 and II Fig. 1). 
Together our results suggest that the isthmic organizer formes and is positioned 
properly in both En1-Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos.  
 
Next we wanted to know whether the maintenance of the isthmic organizer-regulated 
genes is affected in En1-Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos. 
We also wanted to know whether FGFR1 is required independently in the midbrain 
and rhombomere 1 for the maintenance of the isthmic organizer dependent genes. To 
answer these questions, we analyzed expression of the isthmic organizer dependent 
genes Spry1, Pax2, En1/2, Wnt1, Otx2, Gbx2 and Fgf8 in En1-Cre/+; Fgfr1Flox/Flox 
and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos at E9.5-E10.5. In En1-Cre/+; Fgfr1Flox/Flox 
E9.5 embryos, Spry1 and Pax2 were down regulated in both midbrain and hindbrain 
(Fig. 17). In contrast to En1-Cre/+; Fgfr1Flox/Flox, in E9.5 Wnt1-Cre/+; Fgfr1∆Flox/Flox 
embryos, Spry1 and Pax2 were down regulated only in the midbrain, while they were 
still expressed in the rhombomere 1 of the hindbrain (Fig. 17). Later at E10.5, the 
isthmic organizer dependent genes were down regulated both in the midbrain and 
hindbrain in En1-Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox .  
 
 
 
 
 
Figure 17. Analysis of gene 
expression in the midbrain-
hindbrain and midbrain specific 
Fgfr1 mutants. Whole mount in situ 
hybridization of E9.5 wild type, En1-
Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; 
Fgfr1Flox/Flox embryos with Fgf8 (A), 
Wnt1 (B), Sprouty1 (C) and Pax2 (D). 
Red arrows indicate altered gene 
expression. Small arrowheads in (G) 
indicate remaining Spry1 expression in 
regions distal to the isthmus. 
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Our results suggest first that Fgfr1 is required for the maintenance of the isthmic 
organizer-dependent gene-expression in both midbrain and hindbrain. Second, Fgfr1 
is required independently in the midbrain and rhombomere 1 for this. In the Wnt1-
Cre/+; Fgfr1∆Flox/Flox embryos, cells were unable to sense FGF signaling specifically 
in the midbrain. Thus, inactivation of the isthmic organizer dependent genes in the 
Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos occurs primarily in the midbrain. Third, 
maintenance of the isthmic organizer-dependent genes in the rhombomere 1 requires 
the maintenance of the isthmic organizer dependent genes in the midbrain, as the 
Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos at E10.5 failed to maintain isthmic organizer 
genes also in the rhombomere 1.  
 
4.4.6 Tissue specific inactivation of the Fgfr1 in the midbrain-
hindbrain does not result in a cell death (I, II) 
 
We wanted to know what is the cause of the midbrain-hindbrain deletions in the En1-
Cre/+; Fgfr1Flox/Flox embryos. As a first step to address that question, we analyzed cell 
death in the midbrain-hindbrain region of En1-Cre/+; Fgfr1Flox/Flox and wild type 
embryos at E8.5, E9.5 and E10.5 (see II Suplementary Fig. 3). We were not able to 
see significant cell death at the midbrain-hindbrain region in En1-Cre/+; Fgfr1Flox/Flox 
comparing to the wild type embryos, by Nile blue, Tunnel or semi-thin sections 
analysis.  
 
Interestingly, cell death seems to play a major role in deletion of the midbrain-
hindbrain region in En1-Cre/+; Fgf8Flox/Flox embryos (Chi et al., 2003). Cell death is 
detected in the midbrain and hindbrain region of En1-Cre/+; Fgf8Flox/Flox embryos, 
between E8.0 and E10.5 (7-30 somite stage). The difference in the phenotype between 
En1-Cre/+; Fgf8Flox/Flox and En1-Cre/+; Fgfr1Flox/Flox embryos, could be explained by 
expression of Fgfr2 and Fgfr3 in the midbrain and rhombomere 1, which might be 
able to functionally compensate for the lack of Fgfr1 in the mid- and hindbrain 
region. Alternatively, there might be some residual Fgfr1 expression left in En1-
Cre/+; Fgfr1Flox/Flox mice, due to the incomplete gene inactivation. However, our data 
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described (in chapter, 4.4.3) argue for the complete inactivation of Fgfr1 in the 
midbrain and anterior hindbrain of  En1-Cre/+; Fgfr1Flox/Flox embryos. 
 
4.4.7 Tissue specific inactivation of the Fgfr1 in the midbrain-
hindbrain and midbrain mutants, results in a cell mixing at the 
midbrain-hindbrain boundary (I) 
 
What are molecular and cellular processes regulated by FGFR1 in the mid- and 
hindbrain region? It is possible that FGFR1 directly or indirectly regulates cell 
identities, i.e. tissue patterning. The behavior of cells close to the midbrain-hindbrain 
boundary in both En1-Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos 
suggest yet another mechanism. Posterior midbrain cells expressing Wnt1 are 
clustered in tight band of cells next to the cells expressing Fgf8 in the anterior 
rhombomere 1. Interestingly, in both En1-Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; 
Fgfr1∆Flox/Flox E9.5 embryos, the boundary cells expressing Wnt1 mixed extensively 
with the Wnt1 negative rhombomere 1 cells. Other isthmic organizer dependent genes, 
such as, Otx2, Gbx2 and Fgf8 also showed heterogeneous expression borders at the 
midbrain-hindbrain boundary region in these mutant embryos (Fig. 18 and data not 
shown).  
 
 
 
 
 
 
Figure 18. Close-up side views of the 
embryos showing boundary defects. 
Whole mount in situ hybridization of 
E9.5 wild type, En1-Cre/+ Fgfr1Flox/Flox 
and Wnt1-Cre/+ Fgfr1Flox/Flox embryos 
with Wnt1 (A) and Gbx2 (B). Red arrows 
indicate cell mixing at the mid- and 
hindbrain boundary. Midbrain-hindbrain 
boundary is indicated by dotted line. 
 
To get insight into the mechanisms responsible for enhanced cell mixing in En1-
Cre/+; Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox E9.5 embryos, we analyzed 
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expression of the genes thought to mediate differential cell adhesion in the midbrain 
and rhombomere 1 and adhesion at the border of these two domains. Ephrin-A5 is 
expressed in the midbrain. Ephrin-A5 expression was unchanged in En1-Cre/+; 
Fgfr1Flox/Flox compared to the wild type E9.5 embryos. Next we looked at cadherins, 
molecules involved in the cell-cell adhesions. PB-Cadherin, belongs to “classical 
cadherins”, which function as homotypic cell adhesion molecules. It has been 
reported to be expressed in the isthmic organizer region in a pattern overlapping with 
Wnt1 expression (Kitajima et al., 1999). Interestingly, PB-Cadherin expression was 
down regulated in the dorsal midbrain in both En1-Cre/+; Fgfr1Flox/Flox and Wnt1-
Cre/+; Fgfr1∆Flox/Flox as compared to the wild type embryos.  
 
These results suggest that FGF signaling regulates PB-Cadherin expression at the 
midbrain-hindbrain boundary. Regulation of adhesive properties by FGF signaling 
could explain in part how the isthmic organizer is maintained as a straight and 
coherent signaling center. 
 
A failure in segregation between midbrain and hindbrain cells has been reported in 
hypomorphic Wnt1SW/SW mutants (Bally-Cuif et al., 1995). Our results in En1-Cre/+; 
Fgfr1Flox/Flox and Wnt1-Cre/+; Fgfr1∆Flox/Flox embryos suggest that the behavior of the 
midbrain cells is affected prior to the loss of Wnt1 expression. It is therefore possible 
that the cell-sorting defect in the Wnt1SW/SW mice results from down-regulation of 
isthmic FGF signals.  Alternatively, FGF might directly regulate the adhesive 
properties of the midbrain-hindbrain boundary cells. It has been shown that tyrosine 
phosphorylation regulate the activity of catenins, which in turn affects cadherin 
function (Lilien et al., 2002).  
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4.5 FGFR1 dependent boundary cells have specific cell 
properties (II) 
 
4.5.1 Initial changes in gene expression occur close to the 
boundary in the midbrain-hindbrain Fgfr1 mutants (II) 
 
Based on the FGFR expression data showing that Fgfr1 is the only Fgfr expressed 
close to the midbrain-hindbrain boundary (see chapter, 4.1), we asked whether the 
initial change in the expression of the molecules dependent on the FGF signaling 
occurs close to the midbrain-hindbrain boundary in En1-Cre/+; Fgfr1Flox/Flox embryos. 
To answer that question, we analyzed expression of the molecules thought to be 
immediate downstream targets of FGF signaling pathway by whole mount in situ 
hybridization in E9.5 En1-Cre/+; Fgfr1Flox/Flox embryos. The expression of Pea3, Erm 
and Spry1 was initially down regulated close to the midbrain-hindbrain border of En1-
Cre/+; Fgfr1Flox/Flox embryos. Some expression of Pea3, Erm and Spry1 was detected 
further away from the midbrain-hindbrain boundary in the mutant embryos. It is 
possible that other FGFRs may mediate FGF signaling further away from the 
midbrain-hindbrain boundary region in the En1-Cre/+; Fgfr1Flox/Flox embryos (see 
chapter, 4.1).  
 
We also analysed Fgf15 expression in the embryo. At E9.5 Fgf15 is expressed in the 
midbrain and rhombomere 1 and has a gap in its expression in the most anterior 
rhombomere 1 next to Otx2 expression in the midbrain (Gimeno et al., 2002). 
Interestingly, in En1-Cre/+; Fgfr1Flox/Flox embryos, Fgf15 was up-regulated close to 
the border and the gap in the anterior rhombomere 1 was absent. These results 
suggested that initial changes in gene expressions in En1-Cre/+; Fgfr1Flox/Flox 
embryos occur close to the midbrain-hindbrain boundary. 
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4.5.2 Isthmic constriction is affected in the Fgfr1 midbrain-
hindbrain mutants (II) 
 
Both vermis of the cerebellum and inferior colliculi of the midbrain are thought to 
develop from the dorsal neural tube region adjacent to the midbrain-hindbrain 
boundary. Midbrain-hindbrain boundary is located at the constriction between the 
midbrain and hindbrain, which starts to form around E9.25 and is visible at E10.5. We 
wanted to know if the isthmic constriction develops normally in the En1-Cre/+; 
Fgfr1Flox/Flox embryos. To answer that question we analyzed morphological 
development of the isthmic constriction of the En1-Cre/+; Fgfr1Flox/Flox E10.5 and 
E11.5 embryos. The isthmic constriction was less obvious in the En1-Cre/+; 
Fgfr1Flox/Flox embryos compared to the wild type already at E10.5 and could not be 
observed at E11.5.  
 
4.5.3 Cells at the mid- and hindbrain boundary express distinct cell 
cycle regulators (II) 
 
Next we wanted to know why the isthmic constriction fails to form in En1-Cre/+; 
Fgfr1Flox/Flox embryos. Very little is known about the isthmic constriction development 
in wild type embryos. The zone of the slowly proliferating cells might play a role in 
the formation of the constriction between the mid- and hindbrain. Although the 
function of the constriction is unclear it may play a role in the compartmentalization 
of the mid- and hindbrain. Altered cell proliferation might be the reason why the 
isthmic constriction fails to form in En1-Cre/+; Fgfr1Flox/Flox embryos.  
 
Microarray data indicated several cell cycle genes, which were differentially 
expressed in the En1-Cre/+; Fgfr1Flox/Flox embryos (T. Jukkola, J. Partanen, 
unpublished). One of these genes was CyclinD1. It is expressed at E10.5 in the 
midbrain and hindbrain but not in the cells located in the close proximity to the 
midbrain-hindbrain boundary. In En1-Cre/+; Fgfr1Flox/Flox E10.5 embryos, CyclinD1 
expression was reduced in the midbrain. In addition, CyclinD1 negative domain 
between midbrain and hindbrain was absent in the mutant embryos. Jumonji, a 
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transcription factor shown to negatively regulate CyclinD1 (Takeuchi et al., 1995), 
was expressed in a stripe of cells located close to the midbrain-hindbrain boundary of 
the wild type E9.5 and E10.5 embryos. In En1-Cre/+; Fgfr1Flox/Flox E9.5 and E10.5 
embryos, jumonji was clearly down regulated in these cells. Also, a cyclin dependent 
kinase inhibitor p21 was expressed in the cells located close to the midbrain-hindbrain 
boundary of wild type E9.5 and E10.5 embryos. Apparently, cells located close to the 
midbrain-hindbrain boundary of wild type E9.5 and E10.5 embryos, which express 
p21, coincided with the cells that did not express CyclinD2. In the En1-Cre/+; 
Fgfr1Flox/Flox E9.5 embryos, midbrain-hindbrain cells expressing p21 were scattered. 
At E10.5 p21 cells were not detected at the midbrain-hindbrain boundary.  
 
We wanted to define more precisely the location of the cells that express p21 and had 
a gap in the CyclinD2 expression at the midbrain-hindbrain boundary. To answer that 
question we hybridized adjacent sections of wild type E9.5 and E10.5 embryos using 
CyclinD2 and p21 probes in parallel with the molecular markers of the hindbrain or 
midbrain. CyclinD2 negative domain at midbrain-hindbrain boundary was located 
both in the anterior most Fgf8 positive and posterior most Fgf8 negative cells. Also 
expression of p21 was found to be partially overlapping with Fgf8 positive and Fgf8 
negative domain.  
 
4.5.4 Cells at the mid- and hindbrain boundary proliferate slowly 
(II)  
 
Given the differential expression of the cells cycle regulators close to the midbrain-
hindbrain boundary we decided to look more closely into proliferative kinetics of that 
region. First we did BrdU studies in the wild type E9.5 and E10.5 embryos. We 
counted the cells in four juxtaventricular regions of the dorsal midbrain and hindbrain: 
rhombomere 1 region located at the distance  from the boundary (R1) and adjacent to 
the boundary (R1B), midbrain region located at the distance from the boundary (MB) 
and adjacent to the boundary (MBB). The width of the region was 40 µm and 100 µm  
for E9.5 and E10.5 embryos respectively. At E9.5 we were not able to see statistical 
difference in the proliferate indexes of these regions. However at E10.5 the 
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proliferative indexes of the R1B and MBB regions were significantly lower compared 
to the proliferative indexes of the R1 and MB region.  
 
To further characterize the proliferation kinetics of the boundary cells we calculated 
the mitotic indexes from semi-thin sections of the midbrain-hindbrain boundary 
region at E10.5. At E10.5 mitosis takes place close to the ventricular surface. The area 
from which mitotic indexes were calculated was 100 µm in width and 10 µm (about 
one cell layer) in height from the ventricular surface. Statistical analyses showed that 
the cells located in R1B and MBB have significantly lower mitotic indexes than the 
cells located in R1 and MB.  
 
Our results suggested that cells located at the midbrain-hindbrain boundary region 
proliferate slower than cells located further away from the boundary. Similar results 
were obtained in the thymidine auto radiogram studies of the midbrain-hindbrain 
region of  E13 rat embryos (Altman and Bayer) and Gbx2 conditional mutants (Li et 
al., 2002). In contrast to these studies, which suggest that reduced cell proliferation 
correspond to the Fgf8 expression domain, our results point to the narrow group of 
cells located at the boundary between mid- and hindbrain. Our study was concentrated 
on the earlier stages of the mouse development than the previous studies. At the 
earlier stages Fgf8 is expressed in a broader domain in the anterior part of 
rhombomere 1. It is possible that Fgf8 expression is reduced to the narrow band of 
cells at the boundary between the mid- and hindbrain at the later stages.   
 
Our results suggest that there is FGFR1 dependent slowly proliferating boundary cell 
population between midbrain and rhombomere 1. Fgfr1 is not absolutely required for 
the development of these cells, as p21 expressing cells are still observed at E9.5 Fgfr1 
midbrain-hindbrain mutant embryos. However, Fgfr1 seems to be important to the 
integrity of these cells as the cells expressing p21 are scattered in the mid- and 
hindbrain at E9.5 in Fgfr1 mutant embryos. 
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4.6 Midbrain-hindbrain is not affected in overactive FGFR1 
(unpublished) 
 
4.6.1 Generation of an overactive Fgfr1 allele (unpublished) 
 
We wanted to know if expression of overactive Fgfr1 in the mid- and hindbrain 
region alters regionalization and formation of the midbrain-hindbrain boundary. To 
answer that question we created conditional overactive allele of the Fgfr1 gene, 
Fgfr1K656EN. A point mutation as well as neomycin phosphotransferase (neo) 
expression cassette insertions were introduced into the Fgfr1 locus by gene targeting 
(Fig. 19, see materials and methods). The neo cassette was inserted in the sense 
orientation in intron 15. This insertion results in the reduction in the amount of full-
length Fgfr1 transcript product (Partanen et al., 1998). LoxP sites flanked the neo 
cassette allowing removal of neo cassette by vector expressing Cre recombinase. The 
introduced point mutation was in the tyrosine kinase domain changing Lysine 656 
into glutamic acid (K656E) (Fig. 19 A, B, C). A corresponding activating mutation 
was originally described in Fgfr3 causing thanatophoric dysplasia II (Naski et al., 
1996).  
Removal of the neo cassette from the Fgfr1K656EN allele, by the vector expressing Cre 
recombinase, generated unconditional form of Fgfr1 overactive allele, Fgfr1K656EL 
(Fig. 19 A, D, E) . 
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Figure 19. Genomic structure 
and characterization of the 
overactive Fgfr1 alleles 
generated. A) Schematic 
representation of the FGFR1 
structure is shown at top. 
Targeting vector (pPNTLoxP-
K656E) was used to introduce the 
overactive mutation into Fgfr1 
allele together with a mutation  
generating ClaI restriction site in 
exon 13. Conditional form of 
overactive Fgfr1 allele, 
Fgfr1K656EN, contains neo cassette 
inserted into intron 15. After 
transient expression of the Cre-
recombinase the neo cassette is 
removed, generating 
unconditional overactive Fgfr1 
allele, Fgfr1K656EL. B) and C) 
Southern blot analysis of the ES 
cell lines generated. See (A) for 
identification of the probes and 
restriction maps. C) and E) 
Verification of the introduced 
mutations. See (A) for the 
identification of the region 
amplified by the PCR. PCR product was isolated and enzymatically cleaved by ClaI 
restriction enzyme. Sizes of the fragments after ClaI restriction are shown. 
 
4.6.2 Isthmic organizer is not affected in the Fgfr1 overactive 
chimeras (unpublished) 
 
 Gain-of-function Y766F Fgfr1 mutants and hypomorphic mutations in Fgfr1, 
generate opposite phenotypes in terms of homeotic vertebral transformations, 
suggesting a role for FGFR1 in patterning the embryonic anteriorposterior axis by 
way of regulation of Hox gene activity (Partanen et al., 1998).  The hypomorphic 
Fgfr1 mutants die neonatally and show posterior truncations, homeotic 
transformations in the vertebral column (predominantly to the anterior direction), as 
well as expansion of the limb fields and later distal limb defects. Transformations 
exclusively to the posterior direction are seen in the gain-of-function Y766F mutants 
in the absence of other abnormalities (Partanen et al., 1998). In order to test whether 
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Fgfr1K6561EN/+ chimera have altered antero-posterior patterning alizarin red-alcian 
blue skeletal preps were made from new-born chimeras.  Results of alizarin red-alcian 
blue skeletal preps of strong1 new-born chimera are shown (Table 14 and Fig. 20) .  
 
Table 14. Skeletal defects in the Fgfr1K656EN /+ new-born chimera 
Skeleton Defect Total  Affected % 
Atlas Abnormal 13 13 100 
Axis Arches divided 13 13 100 
c7 Miniextension 13 13 100 
Sternum Abnormal 13 13 100 
T13 Gap in the rib 12 8 66.7 
L6 Transformation of L6 to S1 11 7 63.6 
Forelimb Extra posterior digit 12 12 100 
 
Skeletal defects in the Fgfr1K656EN  chimeric embryos were consistent with the 
previous findings in Y766 overactive FGFR1, arguing for the efficient generation of 
the over-active allele (Partanen et al., 1998). 
 
 
 
 
Figure 20. Skeletal defects in the 
Fgfr1K656EN /+ new-born chimera. 
A) In hypomorphic Fgfr1 L1 is 
transformed into T13 B) wild-type 
C) In Fgfr1K656EN /+ new-born 
chimera T13 is transformed into L1 
and L6 is transformed to S1. D) In 
hypomorphic Fgfr1 second and 
third digit are fused E) wild-type F) 
In Fgfr1K656EN /+ new-born chimera 
fifth digit is bifurcated. FGF signal 
increases from the left to the right 
as represented by the bar. 
 
Then we wanted to analyze the midbrain-hindbrain phenotype in Fgfr1K656EN 
chimeras. A subpopulation of the chimeras (presumably those with high level of 
chimerism) for Fgfr1K656EN allele did not survive after birth, so we were not able to 
generate a heterozygous mouse line for Fgfr1K656EN allele. To generate embryos 
                                                          
1 Strong new-born chimera are ones with obvious phenotype, such as abnormal head development, 
yellowish skin color, forelimb with six digit and excess liquid under the skin which makes swellings 
under the skin.  
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carrying over-active Fgfr1, we used Fgfr1K656EL ES-cells. We generated Fgfr1K656EL/+ 
-- ROSA26/+ diploid chimeric E9.5 embryos. We selected Fgfr1K656EL/+ -- ROSA26/+ 
embryos (n=4), of which tail samples were negative for the β-galactosidase staining 
and which had open neural tube, characteristic of a chimeric embryos with a strong 
contribution of  Fgfr1K656EL cells. We analyzed the expression pattern of the isthmic 
organizer dependent genes in E9.5 diploid chimeras by whole mount in situ 
hybridization (Fig. 21).  
 
 
 
 
 
 
 
 
 
Figure 21. Analysis of the gene 
expression in the mid- and hindbrain of 
the Fgfr1K656EL/+ -- ROSA26/+ diploid 
chimeric embryos. Whole mount in situ 
hybridization of E9.5 embryos with Fgf8 
(A) lateral and (B) dorsal, Wnt1 (C) 
lateral and (B) dorsal, Spry1 (E) and Otx2 
(F). 
 
Surprisingly, expression pattern of the isthmic organizer dependent genes in chimeric 
embryos was indistinguishable from their expression in the wild type embryos. Based 
on expression studies of FGFRs in the mid- and hindbrain region (see chapter, 4.1), it 
is possible that other FGF receptors (such as Fgfr2) play a major role in the initial 
specification and induction of the isthmic organizer dependent genes. Interestingly, 
experiments using transiently expressing Fgfr1K656E in the mouse also produced only 
minor defects, such as enlargement of the midbrain and diencephalon (Liu et al., 
2003). In contrast, transformations with Fgf8b or Fgfr1N546K repressed the Otx2 
expression in the midbrain and induced ectopic expressions of the Gbx2 and Fgf8 (Liu 
et al., 2003). These results suggested that different activation mutations in FGFRs 
might have different biological responses.  
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4.7 Role of FGFR1 in the pharyngeal development (III) 
 
4.7.1 Branchial arch 2 develops properly in the neural crest cells 
Fgfr1 mutants (III) 
 
We wanted to analyze the role of Fgfr1 in the second branchial arch development. In 
the Fgfr1n7/n7 embryos neural crest cells fail to populate second branchial arch. To 
determine whether Fgfr1 is required autonomously in the neural crest cells for their 
migration into second branchial arch, we generated Wnt1-Cre/+; Fgfr1∆Flox/Flox 
embryos (= neural crest cells Fgfr1 mutants). Although a number of defects in 
craniofacial development were observed, no defects were observed in the early 
development of the second branchial arch in these mutants. These results suggest that 
Fgfr1 is not required autonomously in the neural crest cells for the development of the 
second branchial arch.  
 
To further test requirement of the Fgfr1 in the neural crest cells, we rescued the Fgfr1 
specifically in the neural crest cells of the Fgfr1n7/n7 embryos by generating Wnt1-
Cre/+; Fgfr1n7/n7 embryos. In these embryos, the neo cassette was removed from 
hypomorphic Fgfr1n7 allele by Cre-recombinase. This results in the Fgfr1l7 allele, 
which is functionally equal to the wild type allele (Partanen et al., 1998). Embryos 
homozygous for Fgfr1l7 allele in the neural crest cells showed abnormal development 
of the second branchial arch at E9.5, which was comparable to the defects observed in 
the Fgfr1n7/n7 embryos. This further supports the conclusion that Fgfr1 is not required 
cell autonomously in the neural crest cells for the formation of the second branchial 
arch.  
 
In the Fgfr1n7/n7 embryos, the neural crest cells identified with molecular markers, 
failed to populate the second branchial arch. Instead, cells accumulated in front of the 
second branchial arch where they died appoptotically. We were also able to observe 
that gene expression in the ectoderm is affected before the neural crest cell migration 
defects in the Fgfr1n7/n7 embryos. Our results indicate that FGFR1 patterns the 
pharyngeal region to create a permissive environment for neural crest cell migration. 
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5. Concluding remarks and perspectives 
 
From the mid 1980's, we have seen remarkable advances in the understanding of the early 
development of the midbrain and hindbrain. First important finding was the identification 
of the planar organizing center, the isthmic organizer using transplantation experiments in 
the chick. Later the isthmic organizer was identified in all vertebrates studied. Second 
important finding was the identification of FGF8 as the key molecule that mediates the 
isthmic organizer activity, using transplantation and bead experiments in the chick and 
mouse. Other molecules expressed at the isthmic organizer such as transcription factors 
Gbx2, Otx2, Pax2/5, En1/2 and secreted molecule Wnt1 were also identified and 
described in the chick, mouse and zebrafish. Third, the genetic studies in the mouse and 
zebrafish helped us to understand the function of these genes and molecular events that 
lead to the positioning and maintenance of the isthmic organizer.  
 
Prior to the present work, there were no information on FGFRs function in development 
of the mid- and hindbrain. We contributed to the understanding of the isthmic organizer 
signaling by studying the role of the FGFR1 in the midbrain-hindbrain region. Using site-
specific DNA recombinase technology, we have inactivated Fgfr1 in the midbrain-
hindbrain and midbrain. First, we have shown that Fgfr1 is required in the midbrain and 
in the hindbrain for the sustained response to the isthmic organizer signaling. Second, 
Fgfr1 independently regulates gene expression in the midbrain and in the hindbrain. Third 
FGFR1 may regulate cell-adhesion at the midbrain-hindbrain boundary. 
 
We also contributed to the understanding of the cellular properties of the midbrain-
hindbrain boundary region. First, we have shown that cells located close to the midbrain-
hindbrain boundary express Fgfr1 but not other Fgfrs. Second, Fgfr1 dependent 
midbrain-hindbrain boundary cells have unique features. They express distinct cell cycle 
regulators and proliferate less rapidly than the surrounding cells.   
 
Separation of the cells in distinct functional units helps organisms to regulate 
development. Developmental boundaries are frequently sites where organizing centers, 
such as the isthmic organizer are located. Midbrain-hindbrain boundary might be example 
for the boundary formation and function in different systems. We have shown that 
FGFR1 dependent boundary cells express specific cell adhesion molecules, such as Pb-
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cadherin. Adhesion molecules could help to keep the isthmic organizer coherent by 
preventing the extensive mixing between mid- and hindbrain cells. In turn, the signaling 
molecules secreted from the isthmic organizer control expression of the adhesion 
molecules. First, we have shown that in the absence of the FGFR1 in E9.5 midbrain-
hindbrain mutants, cells around the midbrain-hindbrain are unable to sense FGF 
signaling. Second, expression of the Pb-cadherin is down-regulated, which results in the 
mixing of the midbrain and rhombomere 1 cells at the midbrain-hindbrain boundary (Fig. 
22 see page 17.).  
 
At E10.5 the morphological constriction between mid- and hindbrain, called isthmic 
constriction, is evident. The role of the isthmic constriction might be to further stabilize 
the midbrain-hindbrain boundary and prevent cell mixing between the midbrain and 
hindbrain cells. We have shown that at E10.5, FGFR1 dependent cells proliferate slower 
than adjacent cells. Slower proliferating FGFR1 dependent cells might participate in the 
formation of the isthmic constriction. Indeed the midbrain-hindbrain specific Fgfr1 
mutants lose the slowly proliferating cells as well as the isthmic constriction.  
    
Role of the adhesion molecules in the formation of the boundary between mid- and 
hindbrain is still to be resolved, for example by generating the PB-Cadherin conditional 
inactivation in the midbrain-hindbrain region. Another interesting question is the role of 
other FGFRs in the formation of the mid- and hindbrain boundary. Because of the 
possible redundancy in the function between Fgfrs, double and triple conditional 
knockouts are required to assess their function in the formation of the midbrain and 
hindbrain.  
 
In this thesis, we have also shown that FGFR1 regulates non-cell-autonomously the 
migration of the neural crest cells into the second branchial arch. First we showed, in the 
Fgfr1n7/n7 embryos, the neural crest cells identified with molecular markers, failed to 
populate the second branchial arch. Instead, cells accumulated in front of the second 
branchial arch where they died appoptotically. Second, we were able to observe that gene 
expression in the ectoderm is affected before the neural crest cell migration defects in the 
Fgfr1n7/n7 embryos. Thus our results indicate that FGFR1 patterns the pharyngeal region 
to create a permissive environment for neural crest cell migration. 
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